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SUMMARY 
The application of 248 nm Deep Ultraviolet (DUV) lithography is attempted for the 
fabrication of magnetic nanostructures in various shapes and sizes over a large area, 
allowing the characterization of magnetic properties using conventional 
magnetometers. Hybrid Phase Shift Mask, containing alternating, chromeless and 
attenuated phase shifted regions on the same reticle blank, is implemented for 
patterning large area ordered homogenous sub-wavelength structures. Solutions are 
developed to overcome the fabrication challenges in implementing strong phase shift 
masks (PSMs). A reversed focus double exposure process method is developed to 
suppress the intensity imbalance issues in phase shift mask technology. 
Comprehensive investigation of the relationship between swing amplitude and pattern 
size using alternating PSM lithography is presented. The existence of reverse swing 
with alternating PSM lithography, where bigger patterns are more seriously affected 
than smaller patterns, is demonstrated.  Double patterning and double exposure with 
shifts are implemented for density improvement and shape manipulation of magnetic 
nanostructures. Nanofabarication process beyond the conventional limits of DUV is 
developed to fabricate sub-50nm magnetic nanostructures using silicon templates.  
 The nanostructures developed in resist and as silicon templates were converted 
into magnets by physical vapor deposition (e-beam evaporation and sputtering 
processes) and lift-off technique. Resist fill and etch back technique was introduced to 
assist the lift-off on the silicon templates. The magnetic properties in patterned 
nanomagnets have been systematically studied, as a function of various geometrical 




 The magnetic properties in Ni80Fe20 magnetic nanostructures of complex 
geometrical shapes such as elongated-rings, and their derivatives are systematically 
investigated.  The transitions from “onion” to “vortex” or from “vortex” to reversed 
“onion” states, switching field, and the stability of the vortex state are found to be 
strongly dependent on the geometrical parameters such as inter-ring spacing and 
thickness of the rings. For elongated rings, a marked variation in the hysteresis loops is 
observed due to the shape induced magnetic anisotropy. Compared with the isolated 
rings of similar lateral dimensions, the closely packed ring arrays showed sharp 
transitions from the onion to vortex state due to collective magnetization reversal of 
the rings. The range of stability of the vortex state is found to be smaller for closely 
packed ring arrays. The magnetic properties and spin configurations in the ring 
derivatives, fabricated by removing different segments of the ring structure, are found 
to be strongly influenced by the segment that is removed. This study has demonstrated 
that the transition regions of the magnetization can be accurately predicted and tailored 
in magneto-electronic devices. 
 The spin states and shape anisotropy in magnetic antidot mesostructures in 
complex shapes such as elongated anti-ring, anti-U and anti-C, were comprehensively 
investigated. Detailed magnetization reversal reveals a very strong pinning of domain 
walls in the vicinity of the anti-structures, the strength of which was found to be 
strongly dependent on the anti-structure geometry and field orientation. The 
experimental results obtained using vibrating sample magnetometer (VSM) are found 
to be in very good agreement with both the direct mapping using magnetic force 
microscopy (MFM) and micromagnetic simulations. 
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structures for field applied along the major axis (a) and minor axis 
(b). 
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Fig. 6.5 Remanent MFM images for the 20-nm-thick Ni80Fe20 anti-C 
structures for field applied along the major axis (a) and minor axis 
(b). 
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Fig. 6.6 Simulated remanent spin states for the 20-nm-thick Ni80Fe20 anti-
ring structures for field applied along the major axis (a) and minor 
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using VSM. Inset shows the magnetization reversal of the anti-
structures extracted from the corresponding measured hysteresis 
loops. 
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 The experimental and theoretical study of the patterned magnetic 
nanostructures has been an exciting field of research in nanotechnology. These 
structures provide an opportunity for the exploration of novel physical phenomenon 
and development of technologically important devices for a wide range of applications 
[1-15]. The recent progress in magnetic nanostructures can be attributed to the 
advances in nanofabrication techniques (top-down and bottom-up approaches), nano-
characterization tools and computational methods. 
 From a fundamental perspective, interesting magnetic properties can be 
observed when the lateral size of a magnet is smaller than or comparable to certain 
length scales such as the spin diffusion length, carrier mean free path and domain wall 
width. Nanomagnets, by virtue of their extremely small size, therefore, possess very 
different properties from their parent bulk material. Magnetization reversal 
mechanisms can be drastically modified in nanostructures confined to sizes that 
preclude the formation of domain walls leading the nanomagnets to behave like a 
single giant spin [16]. Arrays of identical nanomagnets provide a model system for 
testing various micromagnetics and investigating the magnetization reversal process of 
nanostructures using the conventional magnetometers. Further, the interaction among 
the nanomagnets in a closely packed array may lead to new collective magnetic 
properties, which are different from isolated elements [17-20]. 
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 From an application viewpoint, the patterned recording media consisting arrays 
of identical magnetic nanostructures is being viewed as a next generation candidate for 
ultra-high density storage [1-5]. Each magnetic nanostructure, behaving as a single 
giant spin, stores one bit of information in the patterned media. With ever increasing 
demand of data storage, the current planar recording media is approaching the limit of 
the recording density due to the beginning of super-paramagnetic effect [21-23]  
 In addition, the nanomagnets form the building blocks for various magneto-
electronic devices. One emerging application of magnetic nanostructures is in the area 
of magnetic random access memory (MRAM) [6-9], a method of storing data bits 
using magnetic charges instead of the electrical charges. MRAM is a revolutionary 
memory technology that can potentially replace today's semiconductor memory 
technologies. This memory technology combines the best attributes of the three major 
semiconductor memories—density of dynamic RAM, the speed of Static RAM and the 
non-volatility of Flash—onto a "single" chip. Added to all these benefits is an in-built 
ability of MRAM to withstand radiation doses that would destroy conventional 
memory, which could be useful in space and military applications. Replacing dynamic 
random access memory (DRAM) with MRAM could prevent data loss and enable 
computers to start instantly, without waiting for software to boot up.  
 Spin logic gates, in which a network of interacting nanomagnets has been used 
to perform logic operations and to propagate information, is another important spin 
device reported recently [11-13]. The logic operations using purely magnetic 
nanostructures are expected to provide serious increase in the integration density with 
reduction in power consumption [14, 15]. It is worth mentioning here that the current 
CMOS technology is suffering most with the power dissipation issues.    
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 A major challenge for technological applications of magnetic nanostructure 
arrays is the precise control of the magnetic switching processes. This is directly linked 
with the quality of the nanomagnets and understanding of the reversal mechanism with 
geometrical parameters such as shape and size. The fabrication of high quality 
nanomagnets is one of the main challenges with nanomagnetism research. 
Nanofabrication technologies used in the microelectronic industry are not always 
compatible with magnetism because the process involves high temperature which will 
degrade the integrity of the ferromagnetic films. It is also not possible to use reactive 
ion beam etching to pattern magnetic films because it is difficult for the reactive gases 
to form volatile compounds when in contact with magnetic materials. The pattern 
transfer is therefore limited to additive process such as lift-off. 
 In the last few years, various nanofabrication methods for synthesizing 
nanomagnets have been developed. These include electron beam lithography (EBL) 
and lift-off processes [24-29], focused ion beam etching [30], x-ray lithography [31-
33], nanoimprint lithography [34] and nanotemplating methods such as copolymer 
nanolithography [35], nanosphere lithography [36] and alumina membranes [37]. Most 
of the fabrication techniques listed above have various limitations. For example, with 
EBL it is very difficult to fabricate closely packed high aspect ratio nanostructure 
arrays due to proximity effects. In addition, the writing process in electron beam 
lithography is serial and very slow, thus making large area fabrication extremely 
difficult.  Electro-deposition offers a cheap and simple method to fabricate arrays of 
nanostructures.  The main limitation of electro-deposition however is the distribution 
of pore size and orientation of the nanoporous membranes [38].  This makes the 
orientation and spacing of the nanomagnets difficult to control.  Thus, quantitative 
information about the magnetic properties and the exact magnetization reversal process 
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can not be readily obtained. Some of the techniques described above are only limited 
to a relatively small area, thus limiting the type of magnetic characterizations that can 
be performed. 
 In this thesis, the fabrication of nanomagnetic structures using deep ultraviolet 
lithography (DUV) at 248 nm exposing wavelength is developed. Using a combination 
of alternating phase shift mask (alternating PSM) [39] and chrome-less phase 
lithography (CPL) mask [40], arrays of ferromagnetic nanostructures with lateral 
dimensions well below the conventional resolution limit of optical lithographic tool 
have been fabricated. One unique advantage of this technique is the fact that unlike e-
beam lithography, thicker resists can be used to make high aspect ratio nanostructures. 
DUV lithography also has the ability to tune side wall profile using focus offset and 
resist processing temperatures. The negative profiles with bottom line width smaller 
than the top line width can easily be achieved to assist lift-off. This technique is also 
compatible with conventional charge based complementary metal oxide semiconductor 
(CMOS) platform thus enabling the integration of novel magneto-electronic devices.  
1.2 FOCUS OF THIS THESIS 
 The focus of this thesis is the application of Deep Ultraviolet (DUV) 
lithography in the fabrication of magnetic nanostructures of various shapes over a very 
large area. Solutions are developed to overcome the fabrication process challenges in 
implementing strong phase shift masks (PSMs). Comprehensive investigation of the 
relationship between swing amplitude and pattern size using alternating PSM 
lithography is presented. Double patterning and double exposure with shifts are 
implemented for density improvement and shape manipulation of magnetic 
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nanostructures. Nanofabarication process beyond the conventional limits of DUV is 
developed to fabricate sub-50nm magnetic nanostructures using silicon templates. 
 In addition, a detailed and systematic investigation of magnetic spin states 
evolution, in-plane anisotropy and magnetostatic interaction in arrays of elongated 
Ni80Fe20 rings and their derivatives is presented. The magnetization reversal 
mechanism, the switching field distributions and the transition fields among different 
magnetic configurations are found to be strongly dependent on the inter-ring spacing, 
film thickness and the missing segment of the ring. A comprehensive investigation of 
the spin states and shape anisotropy in magnetic antidot mesostructures in complex 
shapes such as elongated anti-ring, anti-U and anti-C, is presented. Detailed 
magnetization reversal reveals a very strong pinning of domain walls in the vicinity of 
the anti-structures, the strength of which was found to be strongly dependent on the 
anti-structure geometry and field orientation. 
1.3 ORGANIZATION OF THIS THESIS  
 Chapter 2 provides a theoretical overview of the DUV lithography used to 
develop patterns for magnetic nanostructures. Various resolution enhancement 
techniques are discussed with pros and cons. Chapter 3 discusses the lithography 
development using hybrid phase shift mask and presents the patterned nanostructures. 
Along with a process method to suppress the intensity imbalance in phase shift mask 
lithography, the swing study is presented in details. Chapter 4 presents the template 
technique developed for the fabrication of magnetic nanostructures beyond sub-50 nm 
regime. A new concept of resist fill followed by etch back is used to assist the lift-off 
on templates. Fabrication of array of homogenous sub-50 nm magnetic dots over a 
large area of 4 mm x 4 mm is demonstrated. In chapter 5, a detailed and systematic 
1  Introduction 
6 
investigation of magnetic spin states evolution, in-plane anisotropy and magnetostatic 
interaction in arrays of elongated Ni80Fe20 rings and their derivatives is presented. The 
magnetization reversal mechanism, the switching field distributions and the transition 
fields among different magnetic configurations are found to be strongly dependent on 
the inter-ring spacing, film thickness and the missing segment of the ring. In chapter 6, 
a comprehensive investigation of the spin states and shape anisotropy in magnetic 
antidot mesostructures in complex shapes such as elongated anti-ring, anti-U and anti-
C, is presented. Detailed magnetization reversal reveals a very strong pinning of 
domain walls in the vicinity of the anti-structures, the strength of which was found to 
be strongly dependent on the anti-structure geometry and field orientation. Finally a 
summary of the major observations and findings from the thesis is presented in chapter 




























[1] C. A. Ross, Annu. Rev. Mater. Res., 31, 203 (2001). 
[2] A. Moser et al., J. Phys. D: Appl. Phys., 35, R157 (2002). 
[3] T. Kimura, Y. Otani, H. Masaki, T. Ishida, R. Antos and J. Shibata, Appl. Phys. 
Lett., 90, 132501 (2007).   
[4] S. E. Lambert, I. L. Sanders, A. M. Patlach, M. T. Krounbi, and S. R. Hetzler J. 
Appl. Phys., 69, 4724 (1991). 
[5] H. Zeng, S. Sun, T. S. Vedantam, J. P. Liu, Z. R. Dai, and Z. L. Wang, Appl. 
Phys. Lett. 80, 2583 (2002). 
[6] S. Tehrani, E. Chen, M. Durlam, M. DeHerrera, J. M. Slaughter, J. Shi, and G. 
Kerszykowski, J. Appl. Phys. 85, 5822 (1999). 
[7] S. E. Russek, J. O. Oti and Y. K. Kim, J. Magn. Magn. Mater., 198, 6 (1999). 
[8] J. M. Slaughter et al., J. Supercond., 15, 19 (2002). 
[9] T. Kim, Y. K. Kim and W. Park, J. Magn. Magn. Mater., 282, 232 (2004). 
[10] J. C. S. Kools, IEEE Trans. Magn. 32, 3165 (1996). 
[11] R. P. Cowburn and M. E. Welland, Science, 287, 1466 (2000). 
[12] A. Imre, G. Csaba, L. Ji, A. Orlov, G. H. Bernstein and W. Porod, Science, 311, 
205 (2006). 
[13] R. Richter, H. Boeve, L. Bär, J. Bangert, U. K. Klostermann, J. Wecker, and G. 
Reiss, J. Magn. Magn. Mater. 240, 127 (2002). 
[14] D. A. Allwood, G. Xiong, M. D. Cooke, C. C. Faulkner, D. Atkinson, N. 
Vernier and R. P. Cowburn, Science 296, 2003 (2002). 
1  Introduction 
8 
[15] D. A. Allwood, G. Xiong, C. C. Faulkner, D. Atkinson, D. Petit and R. P. 
Cowburn, Science 309, 1688 (2005). 
[16] W. F. Brown Jr, J. Appl. Phys., 39, 993 (1968). 
[17] M. E. Schabes and H. N. Bertran, J. Appl. Phys., 64, 1347 (1988). 
[18] R. P. Cowburn, A. O. Adeyeye and M. E. Welland, Phys. Rev. Lett., 81, 5414 
(1998). 
[19] R. P. Cowburn and M. E. Welland, Appl. Phys. Lett., 72, 2041 (1998). 
[20] P. Vavassori, D. Bisero, F. Carace, A. di Bona, G. C. Gazzadi, M. Liberati, and 
S. Valeri, Phys. Rev. B, 72, 054405 (2005). 
[21]  C. P. Bean and J. D. Livingston, J. Appl. Phys., 30, 120 (1959). 
[22] S. H. Charp, P. L. Lu and Y. He, IEEE Trans. Magn., 33, 978 (1997). 
[23] D. Weller and A. Moser, IEEE Trans. Magn., 35, 4423 (1999). 
[24]  J. F. Smyth, S Schultz , D. R. Fredkin, D. P. Kern, S. A. Rishton, H. Schmid , 
M. Cali  and T. R. Koehler  J. Appl. Phys. 69 5262(1991). 
[25]  S. Y. Chou, M. S. Wei, P. R. Krauss and P. B. Fischer   J. Appl. Phys. 76 6673 
(1994). 
[26] A. O. Adeyeye, J. A. C. Bland, C. Daboo, D. G. Hasko and H. Ahmed J. Appl. 
Phys. 82 469 (1997). 
[27] S. Miyauchi, K. Tanaka and J. C. Russ, Solid State Technol., 12, 7, 43, (1969). 
[28] K. J. Kirk, J. N. Chapman, C. D. Wilkinson, Appl. Phys. Lett., 71, 539 (1997). 
[29] M. Tsoi, R. E. Fontana and S. S. P. Parkin, 83, 2617 (2003). 
[30]  C Shearwood, S J Blundell, M J Baird, J A C Bland, M Gester, H Ahmed and 
H P Hughes  J. Appl. Phys. 75 5249 (1994). 
1  Introduction 
9 
[31] F. Rousseaux, D. Decanini , F. Carcenac, E. Cambril, M. F. Ravet, C. 
Chappert , N. Bardou, B. Bartenlian and P. Veillet, J. Vac. Sci. Technol. B13 
(6), 2787 (1995). 
[32] D. Spears and H. I. Smith, Electr. Letters., 8, 102 (1972). 
[33] E. Spiller, D. E. Eastman, R. Feder, W. D. Grobman, W. Gudat, and J. Topalian, 
J. Appl. Phys., 47, 5450 (1976).   
[34]  S.Y. Chou, P.R Kraus, W. Zhang, L.Guo, L. Zhuang, J. Vac. Sci. Technol. B15, 
2897 (1997). 
[35] T. Thurn-Albercht, J. Schotter, G.A. Kastle, N. Emley, T. Shibauchi, L Krusin-
Elbaum, K. Guarini, C.T Black, M. T. Tuominen, T.P. Russell, Science 290, 
2126 (2000). 
[36] V. Ng, Y. V. Lee, B. T. Chen and A. O. Adeyeye, Nanotechnology, Vol. 13(5), 
554-558 (2002). 
[37] G.E Thompson, R.C. Furneaux, G.C. Wood, J.A. Richardson and J.S. Gode , 
Nature 272, 433 (1978). 
[38] J. Meier, B. Doudin, and J. Ph. Ansermet,  J. Appl. Phys. 79, 6010 (1996). 
[39] M. D. Levenson, N.S. Viswanathan, and R.A. Simpson, IEEE transactions on 
Electron Devices, vol. 29, no. 12, 1812 (1982). 







DEEP ULTRAVIOLET LITHOGRAPHY:  
An Overview  
2.1 INTRODUCTION  
This chapter provides a theoretical overview of the deep ultraviolet (DUV) lithography 
process technology used for patterning nanostructures presented in this thesis.  The 
resolution enhancement techniques (RETs) utilized to fabricate sub-wavelength 
structures are discussed.  The issues hindering the progress of most prominent RET, 
the phase shift masks technology, are reviewed.  The chapter ends with summary and 
an outlook of the DUV lithography.  
2.2  LITHOGRAPHY FUNDAMENTALS  
Lithography is a process of patterning fine-scale structures onto a substrate.  A 
lithography system uses irradiation to expose the recording medium selectively. The 
recording medium is known as resist. Depending upon the type of exposing irradiation, 
there are various types of lithography techniques such as optical, e-beam, x-ray, and 
ion beams.  Optical lithography, also known as photolithography, has been the most 
widely accepted as a large scale patterning technology for the last four decades.  It is 
analogous to the well-known photography process and consists of four fundamental 
elements: (1) illumination system with energy source; (2) mask containing the patterns 
corresponding to the structures to be fabricated; (3) exposure system to generate aerial 
images of the mask patterns, and (4) a medium known as ‘photo-resist’ or resist for 
recording the image generated by the exposure system.  
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2.2.1 ILLUMINATION SYSTEM 
The function of the illuminations system is to uniformly illuminate the patterns on the 
mask using a radiation source with required spectral purity and power.  The radiation 
from mercury lamp [broadband (300 to 450 nm), g-line (436 nm), and i-line (365 nm)] 
was used as the source of energy in the early lithography tools. Today, deep ultraviolet 
(DUV) excimer lasers [Krypton Fluoride (248 nm KrF) and Argon Fluoride (193 nm 
ArF)] are being used [1]. The reduction of the wavelength was to increase the 
resolution.  
To avoid intensity fluctuations on the mask caused by variation in the 
brightness of the source points, the illumination system design follows Köhler’s 
method [2] as sketched in Fig. 2.1.  By placing the source or image of the source in the 
focal plane of a convex condenser lens separating the source from the mask, the rays 
originating from each point of the source illuminate the mask as a parallel beam.  This 
averages out the nonuniformity in the brightness of the source points, so that each 
location on the mask receives the same amount of exposure energy.  
In addition to dose uniformity, the lithography process also maintains 
directional uniformity such that the same features can be replicated identically 
regardless of their orientations; the shape of the light source is thus circular.  The 
illumination is characterized by the partial coherence factor σ, which is a measure of 
the physical extent (radius) of the light source.  The point source with σ = 0 results in 
coherent illumination while infinite large source with σ = ∞  produces incoherent 
radiation. Illumination is partially coherent for any value of σ between zero and 
infinity. Typical partial coherent factors in optical lithography range from 0.3 to 0.96.  
The impact of σ on image formation will be discussed in § 2.4.   
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Fig. 2.1: Schematic of Köhler’s illumination method used in optical lithography systems. ‘f’ is 
focal length of the condenser lens. 
 
2.2.2 MASK / RETICLE 
The layout information of the structures to be patterned on the wafer is physically or 
optically coded in a blank, known as mask.  The conventional mask, also known as 
binary intensity mask (BIM) or chrome on glass (COG) mask, is made with chrome 
(Cr) patterns on a transparent blank; the blank material depends upon the exposing 
wavelength. Besides conventional binary masks, optical lithography uses phase shift 
masks (PSMs) for resolution enhancement [3]; in these masks, along with transmission, 
the phase of the imaging radiation is controlled to form the high resolution image. 
Shown in Fig. 2.2, are the schematics of four main types of masks. The binary 
mask contains clear and opaque chrome regions with all the clear regions passing the 
radiation in same phase [Fig. 2.2(a)].  Attenuated PSM is similar to binary mask except 
that the opaque chrome is replaced by a partially transmitting layer [4, 5] , such as 
molybdenum silicide, with 180º phase with respect to the clear regions as shown in Fig. 
2.2(b).  The alternating PSM [6] is also similar to binary except that the adjacent clear 
regions are 180º out of phase as shown in Fig. 2.2(c). The chromeless PSM [7] is a 
variant of alternating PSM in which the opposite phase regions touch each other 
Reticle field 
illuminated by 
each and every 
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without a chrome border as sketched in Fig. 2.2(d).  The resolution enhancement using 
PSMs will be discussed under the § 2.4.   
   
Fig. 2.2: Schematics of binary and phase shift masks. 
2.2.3 EXPOSURE SYSTEM 
The exposure system generates the optical image of the mask patterns onto the wafer.  
Contact and proximity tools are the simple lithography systems. In contact exposure 
systems [8], developed in early 1960s, the mask is in hard contact with the wafers as 
shown in Fig. 2.3(a).  The patterns on the mask are transferred to the wafer in single 
exposure using broadband light with a spectrum from 300 to 450 nm.  Contact 
lithography offers high resolution, but suffers from mask damage due to hard contact 
between mask and the resist wafer. This leads to the defect generation on the wafers, 
which restrains this process from production environment.   
(a) Binary Mask (b) Attenuated PSM 
(c) Alternating PSM (d) Chromeless PSM 
Opaque chrome Partially transmitting 
Phase 180º 
Opaque chrome Opaque chrome 
0º 0º180º 0º 0º 180º 
0º 0º 0º 0º 0º 0º 
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Proximity lithography reduces mask damages by keeping the mask a few (10 to 
25) micron away from the wafer as shown in Fig. 2.3(b).  Unfortunately, the resolution 
is limited to greater than 3 µm because of diffraction effects result in image blurring 
away from the mask in the gap between the mask and wafer [9].  
     
(a)                                          (b)                                           (c) 
 
Fig. 2.3: Schematic diagrams of the exposure systems: (a) contact, (b) proximity and (c) 
projection. 
 
The most common exposure system is the projection lithography system. It 
uses the concept of projecting the reticle image through a lens system (projection 
optics) as sketched in Fig. 2.3(c).  Although not shown, the projection optics consists 
of complex optical elements with more than 40 lenses [10].  The current projection 
tools are reduction steppers and scanners.  In a stepper, full mask field is exposed at a 
time while, as the name implies, scanner scans the mask field through a slit. Because 
of the reduced field size (5x reduction in steppers and 4x in scanners) the wafer is 
exposed using multiple shots; the exposure dose and focus can be controlled 
independently on the shots.  
2.2.4 RECORDING MEDIUM ‘THE PHOTORESIST’  
Photoresist (PR) is a recording medium in optical lithography process.  The intensity 
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generates the latent image, which upon develop results in relief image of the mask 
patterns into the resist layer.  Depending on its dissolution characteristics in developer, 
a PR is classified as positive or negative.  
For positive resist, the development rate increases with exposure dose as 
sketched in Fig. 2.4(a). For exposure dose less than PLD , there is no impact on the 
dissolution rate and subsequently it increases logarithmically with dose until the resist 
is completely dissolved at PHD .  The exposure dose at which the resist is completely 
dissolved is known as dose to clear.  It is used as resist threshold in lithography 
simulations.  The steepness of the dissolution is a measure of the contrast of the resist.  
In other words, the photoresist contrast is a measure of the discrimination of the resist 
with respect to exposure. Higher contrast means that a given change in dose results in a 
greater change in develop rate. High contrast resist is preferred for steep side wall 







−=γ          (2.1) 
        
                         (a)                                              (b)  
 
Fig. 2.4: The impact of exposure dose on resist dissolution: (a) positive resist, and (b) negative 
resist 
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Negative resist is soluble in the developer.  The dissolution rate of negative 
resist decreases with exposure dose as depicted in the Fig. 2.4(b). When the exposure 
dose is less than NLD , there is no impact on the dissolution rate and then it decreases 
logarithmically with dose until the resist becomes fully insoluble at NHD .  The dose at 
which a negative resist becomes insoluble in developer is known as dose to gel.  







−=γ          (2.2) 
Due to the different optical properties of resist and substrate material, the 
exposure of the PR results in thin-film interference effects caused by reflections from 
interfaces as sketched in Fig. 2.5(a).  The running reflected wave upon interference 
with incident wave produces standing waves in the resist layer. Standing waves being 
stationary results in oscillatory distribution of exposure energy along the thickness of 
the resist layer which creates waviness in the profile as sketched in Fig. 2.5(b). The 
node positions, indicated by N1 to N4, receive lower exposure dose while anti-nodes, 
indicated by A1 to A4, get higher dose. The presence of standing waves can be clearly 
seen in the SEM image as an inset to the figure.  
The thin film interference also causes swing effect where the required exposure 
dose becomes a sinusoidal function of the thickness with period (λ /2nresist), as sketched 
in Fig. 2.5 (c). The monotonic increase in the peak dose with resist thickness is a result 
of absorption in the resist.  Analytically, the swing ratio (ratio of the peak to valley 
change to average value), S, for a resist with absorption coefficient α and thickness D 
is given by [12] 
DeRRS α−≅ 214          (2.3) 
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Fig. 2.5: Sketch of (a) reflections at interfaces, (b) standing waves and waviness in the resist 
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Both the wavy sidewall profile and CD swing effect are undesirable and can be 
suppressed by using top anti-reflective coating (TARC) (reducing R1), bottom anti-
reflective coating (BARC) (reducing R2) or by increasing resist absorbance (αD) by 
using a dyed photoresist.  The conditions needed for a material to act as a good TARC 
layer are very stringent, the dyed resist has sloppy profiles and therefore the use of 
BARC has become the most common solution to suppress standing waves and swing 
effect in resist.  Besides the above mentioned factors, swing amplitude also depends 
upon the illumination conditions.  The impact of partial coherence factor σ, on swing 
has been studied in this work and will be presented in §3.7.2 of chapter 3. 
2.3 IMAGE FORMATION AND RESOLUTION  
Although projection lithography tools are very sophisticated, the image formation can 
be fully explained by reducing it to a two lens optical system as shown in Fig. 2.6.  It 
consists of a light source, a condenser lens, a mask, an objective lens and finally the 
resist coated wafer.  The mask image has to be projected onto the resist coated wafer.  
In the process of imaging, the light source uniformly illuminates the mask through the 
condenser lens. The radiation passing through the transparent regions of the mask gets 
partially diffracted before reaching the objective lens. The low spatial frequency 
corresponding to large patterns appears closer to the lens center, whereas high 
frequencies corresponding to the small patterns fall towards the periphery of the lens 
pupil.  The objective lens, being only of finite size, can not collect all of the light in the 
diffraction pattern. The diffracted radiation accepted by the pupil is collimated by the 
objective lens and interferes at the wafer plane to constitute the image.  The loss of 
diffraction information is the ultimate limiter of the image quality and resolution. The 
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highest frequency rays participating in the image formation decide the resolution limit.  
The sine of the angle, θ, subtended by highest frequency ray accepted is known as 
numerical aperture (NA) of the projection system, i.e. NA = sin θ. Thus, NA is an 
important parameter determining the resolution of a projection lithography tool.  
 
Fig. 2.6: Reduced two lens optical configuration of a lithography projection tool. 
Fraunhofer diffraction theory is applicable in projection imaging as the distance 
of the objective lens from the mask is very large. Interestingly, the Fraunhofer 
diffraction spectrum is just the Fourier transform of the electric field transmittance of 
the mask [13].  The diffraction spectrum depends on the density, shape and size of 
structures. The dense patterns have discrete diffraction spectra whereas isolated 
patterns have continuous spectra.  Owing to the difference in nature of diffraction 
spectrum, dense and isolated patterns have different resolutions limits.   
Condenser lens 
Reticle 
θ NAproj = Sin θ 
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2.3.1 DENSE PATTERNS 
Shown in Fig. 2.7 is a sketch of the diffraction spectrum from repeated equal line space 
pattern with pitch p. The arrows correspond to discrete diffraction orders formed by 
constructive interference of the rays diffracted from the patterns.  The position of the 
diffraction orders is governed by the equation [14] 
λδ np =sin           (2.4) 
where δ is the diffraction angle, λ the wavelength of the imaging radiation, and n an 
integer.  The amplitude and phase of diffraction orders are determined by a dotted sinc 
envelop defined by the ratio of space width, w, to the pitch, p, of the line space pattern.  
The generalized mathematically expression for the amplitude, E(fx), of the diffraction 












wfE δ)(sin)(       (2.5) 
where fx is the frequency. Interestingly, all the even diffraction orders in equal line 
space have zero amplitude.  
 
Fig. 2.7: Diffraction spectrum of dense equal line space patterns. Frequency axis is normalized 
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To clarify how the diffraction spectrum impacts resolution limit, captured 
diffractions orders and corresponding image modulation for two different pitch values 
are sketched in Fig. 2.8.  For the first pitch under consideration, [Fig. 2.8 (a)], along 
with 0th order, the ±1st diffraction orders are inside the lens pupil (drawn as thick solid 
circle). The interference condition is satisfied and thus good intensity modulation is 
achieved as sketched in the intensity graph.  The corresponding pitch is considered 
within resolution limit.   
 





Fig. 2.8: Sketch of: (a)  ±1st diffraction orders inside the lens pupil resulting in good image 
contrast, and (b) ±1st diffraction orders just outside the lens aperture resulting in zero contrast.  
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For the second pitch under consideration [Fig. 2.8 (b)], only the 0th order falls 
inside the lens pupil; the ±1st orders are just outside.  As the single beam does not 
satisfy the condition of interference, there is no intensity modulation in this case.  The 
captured un-diffracted radiation, the 0th order, has only generated background intensity 
as sketched in the intensity graph. The corresponding pitch is considered beyond the 
resolution limit. 
Thus at the limit of resolution, the ±1st diffraction order passes through the 
periphery of the lens pupil i.e. subtend maximum acceptable angle when viewed from 
the wafer side.  As the sine of maximum acceptable angle, θ, is known as numerical 
aperture (NA) of the projection tool i.e. NA = sin θ, the minimum pitch resolution, pmin, 
can be obtained by putting sin δ = sin θ = NA and n = 1 (collection of ±1st diffraction 
orders at maximum acceptance angle) in equation (2.4); thus we get, 
NA
p λ=min            (2.6) 
The spatial frequency corresponding to the minimum resolvable pitch i.e.1/pmin, 
is known as cut-off-frequency, fc, of the projection tool. Frequencies higher than fc are 
thrown away.  Using eq. (2.6), we can write expression for fc as; 
λ
NAfc =            (2.7) 
Resolution R, is usually defined in term of half-pitch and can be obtained by 




1=           (2.8) 
Eq. (2.8) defines the theoretical resolution limit of a projection lithography tool 
for dense line space patterns.  To take care of resist related effects, the factor ½ in eq. 
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(2.8) is usually replaced by a coefficient K1; thus a generic formula for resolution can 
be written as,  
NA
KR λ1=            (2.9) 
Although the theoretical value of K1 is 0.25, practically useful patterning with 
acceptable process margins using conventional lithography restricts K1 ≥ 0.75 [16]. 
Processing with K1 less than 0.75 requires the use of resolution enhancement 
techniques (RETs) to improve image quality. Further from the formula of resolution 
(Eq. 2.9), it is obvious that increasing NA and decreasing λ improve the resolution. 
Therefore, in the past, the NA has increased from ~ 0.3, in early tools, to 0.93, in 
current state-of-the-art dry projection tools. The immersion tools are able to achieve 
NA beyond ‘1’, the theoretical limit of the NA for dry tools. The wavelength, λ, has 
reduced from 436 nm to 193nm.  
2.3.2 ISOLATED PATTERNS 
Shown in Fig. 2.9 is the diffraction spectrum of an isolated space. This is a continuous 















         (2.10) 
where w is the space width, and fx the spatial frequency of the diffraction. Being a 
continuous function, any portion of spectrum when collimated satisfies the interference 
condition required for intensity modulation. The isolated features, therefore, always 
create some intensity modulation at the image plane irrespective of their size.  
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Fig. 2.9: Schematics showing diffraction spectra from an isolated aperture. The frequency axis 
is normalized to wavelength, λ. 
 
The intensity modulation at the image plane, however, does not mean that the 
pattern is resolved within the specified size limits.  The aerial image is the convolution 
of the mask transmission function with the impulse response [17] of the imaging 
system. The image width is, therefore, defined by the size of impulse response until it 
is wider than the feature.  The impulse response of the optical imaging system for 
infinitesimally small hole (point source) and infinitesimally fine space (line source) are 
point spread function (PSF) and line spread function (LSF) respectively.  These are 






JPSF =           (2.11) 
∫∞
∞−
= dyyxPSFxLSF ),()(           (2.12) 
where symbol J1 is the Bessel function of first kind, order 1 and ρ is the radial distance 
from the center of the image.  It concludes that, although isolated features do not have 
spatial frequency based resolution limit, the printed size would be limited by the 
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2.4 IMAGE QUALIFICATION 
In the previous section, the image formation through a projection system was discussed. 
In this section, the methods to quantify the quality of the aerial image in terms of 
lithographic parameters are discussed.  
2.4.1 IMAGE MODULATION CONTRAST 
One of the simple methods to quantify the quality of the aerial image is modulation 







−=          (2.13) 
where M(f) is the modulation contrast of a feature with spatial frequency f; Imax is the 
maximum intensity, and Imin the minimum intensity in the image.  Modulation contrast 
is a good parameter to quantify the image quality of dense patterns. A higher value is 
better. However, it dose not provide the right information about dark field isolated 
features such as a hole. In such cases, the Imin remains zero and therefore the 
modulation contrast is always ‘1’ irrespective of the feature size. 
2.4.2 EXPOSURE LATITUDE 
Exposure latitude (EL) is a metric to quantify the aerial images of all kinds of features. 
It is related to the dose sensitivity and determines the maximum amount of dose 
variation that a feature can tolerate before it falls beyond the acceptable range, known 
as specification limit. A specification of ±10% is generally practiced on critical 
dimension (CD). The calculation of exposure latitude from CD versus exposure dose 
plot is shown Fig. 2.10 for a dark field pattern (CD showing an increase with exposure 
dose).   
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Fig. 2.10: Sketch of an exposure dose plot for a space pattern where the CD has increased with 
dose – following thick black line. TGT is target dimension, DL, DT, DH, are doses resulting in 
10% low, on target and 10% high CD values. 
 
The exposure latitude is one of the factors that determine the practical 
resolution limit of the lithography. A manufacturable process usually desires exposure 
latitude of about 15%. In addition to exposure latitude, slope of the CD versus dose 
plot is often used to compare the exposure latitude. 
2.4.3 NORMALIZED IMAGE LOG SLOPE 
The transition from bright to dark or dark to bright within an aerial image is the 
source of the information which determines the position of the edge of a photoresist 
pattern. Because of the logarithmic dependence of the resist dissolution on the 
exposure dose [Fig. 2.4], the slope of the logarithm of an aerial image, dxId /)(ln , 
measured at the desired photoresist edge position, determines the sensitivity of the 
pattern CD to the exposure dose. This quantity is known as image log slope (ILS). 
Higher the value of ILS, more robust is the pattern against dose fluctuations. The 
steeper intensity transitions are therefore preferred to define the edge better. Since the 
tolerance of a feature is usually proportional to the CD, the image log slope once 
multiplied with pattern CD, known as normalized image log slope (NILS) [21], 






















IdCDNILS ×=×= )(ln         (2.14) 
In fact, the steepness of the aerial image is directly linked with exposure latitude. 
Therefore, NILS is a direct measure of exposure latitude.  
2.4.4 DEPTH OF FOCUS 
In addition to exposure latitude, depth of focus (DOF) is another very important 
parameter determining the practical resolution limit of the lithography.  DOF is defined 
as the total allowed deviation in the wafer plane from the image plane before the 
pattern goes out of specification. With the deviation from the image plane, the image 
gets blurred due to phase differences between the image forming rays passing through 
different parts of the projection lens. DOF is required to take care of non-planarity 
caused by inaccuracies; such as position and tilt in image plane, uniformity of the 
wafer chuck etc., in the exposure tool and the topography of the wafer. Mathematically, 
the DOF is defined by the equation [22], 
 22 NA
KDOF λ=            (2.15) 
where K2 is the coefficient of DOF. Its value varies with process parameters. In 
practice, like the calculation of exposure latitude from CD versus dose plot [Fig. 2.10], 
the DOF is calculated from a CD versus focus offset plot. For a manufacturable 
process, a DOF of about 3x to that of the feature size is desired.  
2.5 RESOLUTION ENHANCEMENT TECHNIQUES 
2.5.1 PARTIALLY COHERENT ILLUMINATION 
In defining the resolution limit, for simplicity, the illumination source was used as 
infinitesimally small point source. The radiation was spatially coherent and illuminated 
the mask only vertically. However, it cannot be realized in practice. As mentioned in § 
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2.1.1, practical optical lithography uses a finite source, in which the emitted radiation 
is partially coherent. The mask is illuminated from a range of angles characterized by 
partial coherence factor, σ.  The effect of oblique incidence is to shift the position of 
diffraction spectrum with respect to the lens pupil.  If one angle of illumination causes 
a shift in the diffraction pattern, a range of angles cause a range of shifts, resulting in 
broadened diffraction orders; the broadening being proportional to σ.  In fact, the size 
of the broadened diffraction order relative to the size of projection lens pupil is a 
quantitative measure of the partial coherence factor, σ.  Furthermore, the broadening of 
diffraction orders is exactly the same as the image of the source in the projection lens 
pupil. 
 Shown in Fig. 2.11, are the images of low, medium, and large σ  illumination 
sources focused at the projection lens pupil.  The ratio of the radius of the source 
image (dotted circle) to the radius of projection lens aperture (solid circle), known as 
pupil filling ratio, gives the value of partial coherence factor, σ. The partial coherence 
factor, σ, can also be defined as the ratio of numerical aperture of the illumination 





NA=σ            (2.16)  
 
Fig. 2.11: Schematic of the image of partially coherent sources showing small, medium and 
large σ illuminations.  
Small σ Large σ Medium σ
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The broadening of diffraction orders using partially coherent illumination is 
shown in Fig. 2.12, for line space patterns illuminated with large-σ radiation.  The 
filled small circles (red and black dots) show the position of diffraction order with 
coherent radiation.  The thick dotted circles illustrate the diffraction orders with 
partially coherent illumination.  The fine dotted circles, imitating the projection lens 
aperture over the ±1st diffraction orders, are drawn to display the part of 0th order 
participating in image modulation. 
 
 
Fig.2.12: Top – Sketch of diffraction spectrum, captured and interfering portions with large σ 
illumination. Bottom figures show intensity modulation.  
 
Using coherent illumination, the ± 1st orders are fully outside the lens pupil; 
thus the corresponding pitch is beyond the resolution limit and there is no modulation 
in intensity.  The broadening of the diffraction orders with a partially coherent 
radiation, however, could bring a part of ± 1st orders inside the lens pupil and thus 
generate some image modulation as shown in the intensity graph. It illustrates that by 
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increasing the value of partial coherence factor σ, the cut-off frequency increases to 
(1+σ)NA/λ, and hence the resolution limit could be increased.  The resolution, R, in 




+=                            (2.17) 
Comparing Eqs. (2.8) and (2.17), a clear increase in the resolution limit with partially 
coherent illumination is observed.  However, partial capture of ± 1st diffraction orders 
produces high background intensity, Imin, which results in poor modulation contrast.  
To point out the cause of poor modulation contrast, in Fig. 2.12, the part of 
different diffraction orders participating in interference is hatched. The A-1R of -1st 
order interferes with the A0R of 0th order and A1L of 1st order interferes with A0L of 0th 
order.  The un-hatched portion of 0th order produces uniform background intensity and 
thus results in high Imin – a real killer of the image contrast.  
2.5.2 OFF-AXIS ILLUMINATION 
The partial capture of ±1st orders produces the aerial image with poor modulation 
contrast as discussed in the previous section.  The contrast, however, can be improved 
by blocking the non-interfering portion of the 0th diffraction order.  This is usually 
done by putting a stopper at the source center.  Such an illumination system is known 
as annular due to the shape of the source [23].  Shown in Fig. 2.13, are the diffraction 
orders using an annular illumination.  The use of stopper at the center of the source 
blocks the non-interfering on-axis 0th order radiation and only allows the angled light 
to illuminate the reticle.  Therefore, this illumination is categorized as off axis 
illumination (OAI).  The stopper sizes, σin, is kept such that it does not overlap with 
hatched regions and blocks the maximum possible non-interfering portion of the 0th 
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diffraction order. In the figure, the intensity graphs comparing the contrast in 
conventional with annular illumination are also sketched.  Clearly, the background 
intensity, Imin is much lower, and hence the modulation contrast would be much higher 
with annular illumination in comparison to conventional one.  
 
Fig. 2.13: Top - Sketch of diffraction orders, captured regions and interfering portions using 
annular illumination; σin showing the stopper size. Bottom - intensity graphs for conventional 
large σ and annular illuminations.    
2.5.3 PHASE SHIFT MASKS (PSMs) 
Phase shift masks (PSMs) work by adding phase information to the amplitude 
information of conventional masks.  In optical lithography, PSMs are being used for 
resolution enhancement.  There are different kinds of phase shift masks; however, all 
of them work on the same principle of destructive interference. While some PSMs are 
qualitatively similar to the conventional binary mask, others are quantitative.  The 
following sections describe the resolution enhancement using different phase shift 
masks.  
-1st Order 1st Order 0th Order 
σin
σout
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2.5.3.1 Attenuated Phase Shift Mask 
The attenuated phase shift mask (Attenuated PSM) is a very popular resolution 
enhancement technique being used in semiconductor industry.  In contrast to binary, 
the opaque regions are partially transmitting with 180º out of phase relative to bright 
regions.  The schematic comparison of attenuated PSM with binary is shown in Fig. 
2.14.  Steps 1 and 2 show 3D top-view and crossectional-view respectively; the grey 
color for opaque region is used to indicate partial transmission.  Step 3 shows a sketch 
of the electric field transmission function of the mask; the π phase transmission is 
shown as negative field.  Interestingly, the net step height in the electric field function 
is increased for attenuated PSM, which produces higher image contrast upon imaging 
through the projection system.  
In physical terms, π-phase background transmission strengthens the higher 
diffraction orders at the cost of 0th orders as sketched in step 4 of the figure.  For a 










w while all the non-zero orders gain in amplitude by ( )t+1 x, where 
Tt =  is the π phase electric field transmittance [24].  Other than these magnitude 
changes there is no distinction between attenuated PSM and binary imaging.  The 
aperture drawn in step 4 illustrates that for the pitch under consideration, the 
diffraction orders higher than ±1 are rejected by the lens. Step 5 shows the increase in 
image contrast due to reduced background and strengthened higher diffraction orders, 
which increase further with background transmission.  However, the position of 
diffraction orders remains unaltered so that there is no gain in the theoretical resolution 
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limit using attenuated PSM. Moreover, the combination of attenuated PSM with off-
axis illumination can be optimized to give improved results [25]. 
 
Fig. 2.14: Schematic comparison of attenuated phase shift mask with binary chrome on glass 
mask; w and p are space width and pitch respectively. Lens apertures are drawn as semi-
transparent blocks rejecting the higher diffraction orders. ±NA/λ is the cut-off frequency. 
 
Although the image contrast improves with increasing background 
transmission, the use of high background transmission gives rise to unwanted pattern 
generation in the resist called side lobes [26].  The constructive interaction of nearby 
features increases the propensity of side lobes even with lower background 
transmissions.  The side-lobes put a limit on the background transmission. Usually 6% 
(T = 0.06) transmission is being used in semiconductor industry. Fig. 2.15 is the SEM 








3. Electric field 
transmission 
function of the 
mask 
2. Crossectional 
view of the 
Mask 
1. 3D top view of 




5. Aerial image 


















 2  Deep Ultraviolet Lithography: An Overview 
  34
clearly observed at diagonal locations. These are a result of background transmission 
which is opposite in phase to the real features. Although the use of chrome shields has 
been proposed [27], the best method to suppress the side lobes is to design a 0º phase 
sub-resolution pattern at the locations of side lobe [28].  Being in opposite phase, it 
cancels out the side lobe electric field. 
   
Fig. 2.15: Top view SEM image of dense holes, patterned using attenuated PSM with 8% 
transmission. The dotted red squares represent the designed holes on the mask shown at 1x. SL 
stands for side lobe. 
 
2.5.3.2 Alternating Phase Shift Mask 
Alternating Phase Shift Mask (alternating PSM) is one of the most promising RETs.  It 
is fundamentally different from binary.  In an alternating PSM, the clear areas on either 
side of a line are opposite in phase.  Due to phase cancellation effect, the diffracted 
light from either side of the line cancels each other and keeps the line dark and narrow.  
The systematic comparison of alternating PSM with binary is shown in Fig. 2.16. Steps 
1 and 2 illustrate that in alternating PSM, the adjacent apertures are 180º out of phase; 
thickness modulation of mask blank is used to create 180º phase difference.  Step 3 
shows the electric field transmission function of the mask where negative field 
corresponds to π phase transmission.  Interestingly, the period of electric field 
transmission function is doubled in comparison to that of a binary mask. The 
SL SL
SL SL
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diffraction orders in alternating PSM are, therefore, separated by spatial frequency of 
1/2p instead of 1/p in binary, where p is pitch of the pattern, as shown in step 4.  The 
reduction of separation of diffraction orders to half doubles the cut-off spatial 
frequency and thus increases the resolution by 2x. Furthermore, the alternating PSM 
does not have 0th diffraction order and thus imaging is only using higher diffraction 
orders, which are symmetrically lying inside the lens pupil, as can be seen in step 4.  
The complete elimination of 0th order results in very high image contrast as there is no 
background intensity which is shown in step 5.  
 
Fig. 2.16: Schematic comparison of alternating PSM with binary mask. Lens apertures are 
drawn as semi-transparent blocks rejecting the higher diffraction orders. ±NA/λ is the cut-off 
frequency. 
The alternating phase shift mask is only applicable with low partial coherence 
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The low partial coherence is required to get high interfering radiation to make full use 
of alternating principle.  However, the use of low partial coherence has serious impact 
on the standing waves and CD swing; the experimental results on which are presented 
in chapter 3.  
Furthermore, the alternating PSM was introduced in 1982 [6] and has excellent 
resolution enhancement capability. The full potential of this technology for resolution 
enhancement has yet to be realized due to a number of reasons.  Besides 
implementation of phases on complex circuits [29], the phase error control in mask 
fabrication is one of the obvious reasons.  The fabrication of alternating PSM is 
challenging due to precise etching requirements of the mask blank to create π phase 
apertures. The amount of material removed to generate opposite phase waves is shown 
in Fig. 2.17.  
 
Fig. 2.17 Sketch of an alternating PSM showing two adjacent opposite phase apertures. Light 
waves are entering in-phase and exiting out-of-phase.  
 
Consider D as the blank thickness and d the depth of the aperture created in the 
blank to generate π phase difference. The optical path difference (OPD) because of the 
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where n is the refractive index of the blank material. For a phase difference of 180º, the 
required OPD is λ/2. Using OPD = λ/2, the Eq. 2.18, gives, 
)1(2 −= nd
λ           (2.19) 
At 248 nm wavelength, the refractive index, n, of quartz is ~1.5, which when 
used in Eq. (2.19), gives the value of required etch depth, d, as 248 nm.  
In the absence of an etch stop layer, it is very difficult to precisely control the 
etch depth across the different features. The deviation of etch depth from the target 
value results in phase errors. Furthermore, the etch defects and scattering from side 
wall create transmissions errors.  Etched profile with undercut is usually used to 
minimize the transmission errors [30].  The phase and transmission errors cause 
intensity imbalance which results in CD non-uniformity in the case of spaces and 
overlay errors in line patterns [31, 32].  
In the presence of phase errors, Δφ, the aerial image intensity, IP-E (x), for a 













wxIxI idealEP φφ       (2.20) 
where Iideal (x) is the intensity profile without phase error.  From Eq. (2.20), it can be 
observed that the impact of phase errors is like a background flare; second term in the 
equation, usually created by 0th order in case of binary mask imaging.  This flare, 
however, is focus interactive and with defocus causes intensity imbalance between 0º 
and 180º apertures.  The analytical expression of intensity profile with defocus angle ∇ 
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2cossin4)( =  is the electric field profile without phase error. 
The last term in the Eq. (2.21) is the defocus term which makes intensity imbalance a 
function of defocus angle. The impact of phase errors on experimental results and a 
process method to solve this issue is presented in §3.7.1 of chapter 3. 
2.5.3.3 Chromeless Phase Lithography Mask 
The chromeless PSM [7] is a variant of alternating PSM in which the opposite 
phase regions touch each other without a chrome border. The image modulation is 
purely based on interference.  The transmission remains 100% on both sides of the 
phase edge. Although in chromeless PSM, there are double-phase-edge [34] (two 
phase in proximity make one dark region) and single-phase-edge type masks, the 
discussion has been limited the to single phase edge masks. Figure 2.18 is a direct 
comparison between binary and CPL masks. Steps 1 and 2 show 3D top-view and 
crossectional-view sketches, respectively. Etching of mask blank is used to create π 
phase apertures. Step 3 sketches the mask transmission function where π phase 
transmission is shown by negative electric field.  Interestingly, the period of electric 
field transmission function is double in the case of CPL when compared to that of a 
binary mask. Each edge of the 0 to π transition and vice versa results in zero intensity 
line.  Furthermore, due to opposite phase 100% transmission, this mask also eliminates 
the 0th diffraction order and thus imaging is completely based on higher orders as 
shown in step 4.  The complete elimination of 0th order results in a very high image 
contrast as there is no background intensity as sketched in step 5.  
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Fig. 2.18: Imaging schematics of CPL lithography compared with binary. Lens apertures are 
drawn as semi-transparent blocks rejecting the higher diffraction orders. ±NA/λ is the cut-off 
frequency. 
Similar to alternating PSM, CPL also has intensity imbalance issues. In the 
presence of phase errors, Δφ, the aerial image intensity, IP-E (x), for a grating-like 
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It can be seen from Eq. (2.22) that the impact of phase error is like to add a 
background intensity of 
4
2φΔ , which ultimately reduces the image contrast. This is 
similar to the presence of the 0th diffraction order in binary mask imaging.  A 
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less phase lithography mask (Eq. 2.22) reveals that phase errors are more prominent in 







w due to the presence of chrome border.  
2.6 THE CONCEPT OF IMMERSION LITHOGRAPHY 
As discussed in the above sections, for decades, optical lithography has been 
incrementally extended to meet the need of scaling.  In due course, the reduction of the 
wavelength has occurred from g-line (436 nm) to ArF excimer laser (193 nm). Further 
reduction to 157 nm requires an oxygen-free and water-vapor-free atmosphere, 
together with many other complications [36].  The numerical aperture (NA) is reaching 
the theoretical maximum value with diminishing returns.  RET have reduced the value 
of K1 towards the theoretical limit of 0.25. Extreme ultraviolet (EUV) is facing 
tremendous commercialization problems in terms of engineering and cost, not to 
mention, many technical challenges to be solved [37].  Immersion lithography offers 
an attractive alternative to increase the resolution by increasing the NA beyond ‘1’, the 
theoretical value for dry tools, and may become the last technique for incremental 
extensions of projection optical lithography.  
Although the concept of liquid immersion to increase the numerical aperture 
has been used over 100 years in optical microscopy, applying it to optical lithography 
is a new and exciting prospect.  The key benefit of immersion lithography is the 
improved resolution without changing the total lithography platform (resist type, lens 
material and light source).  Furthermore, the resolution gain is equivalent to two 
generations advancement [38].  Using water as the immersion liquid (refractive index 
1.44), the 193 nm wavelength effectively becomes 134 nm for imaging purpose. The 
photon energy remains 6.2eV, as far as the resist chemistry is concerned.  
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The physical concept of immersion lithography lies in Snell’s law. According 
to Snell’s law, when a light ray passes through a stack of parallel transparent films, the 
product of refractive index, n, and the sine of angle, θ, the ray makes with normal to 
the film, is invariant throughout the stack. Interestingly, removing or adding any layer 
in the stack does not affect the angle of the light in other layers of the stack. The 
product, n* sinθ, is known as optical invariant. The maximum value of optical 
invariant can be equal to n.  
Similar to the stack of films, Snell’s law is obeyed in the lithography projection 
imaging systems.  The quantity n* sinθ, for a diffracted ray is constant from the time, 
leaves the mask to the time it combines inside the resist with other rays to form an 
image of the mask (we have assumed a 1x system for simplicity).  Thus the maximum 
value of the optical invariant will be limited by the material with the smallest refractive 
index in the path of the imaging ray. In dry tools, the layer between the lens and resist 
is air and that limits the value of the invariant to 1.0. This is what limits the maximum 
possible NA in dry tools. By using a fluid instead of air, the maximum value of 
invariant can be increased to the refractive index of fluid until it is lower than the 
refractive index of lens material and that of resist. Therefore, NA of the immersion 
tools can have a value n times the NA of a dry tools. Increase in NA increases the 
resolution as per Eq. 2.9. 
2.7 SUMMARY 
A technical overview of the optical lithography process technology has been presented.  
The impact of partial coherence factor and annular illuminations on resolution were 
discussed along with phase shift mask technology.  The issues hindering the progress 
of most prominent RET, the phase shift masks technology, have been reviewed. The 
concept of resolution enhancement using immersion lithography was briefly 
introduced.  
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FABRICATION OF MAGNETIC NANOSTRUCTURES: 
 With Advances in DUV Lithography  
3.1 INTRODUCTION 
This chapter presents lithography processes for fabricating large area magnetic 
nanostructures developed using KrF (λ = 248 nm) DUV lithography technology.  Sub-
wavelength structures are patterned using advances in lithography discussed in chapter 
2.  The double-exposure-with-shift (DEWS) method is introduced for density 
enhancement and shape manipulation of the nanostructures.  A process method is 
developed to suppress the intensity imbalance issues in phase shift mask technology.  
The impact of partial coherence factor, σ, and pattern size on swing amplitude is 
studied in view of low-σ illumination needed for alternating PSM.  Lastly, the 
magnetic nanostructures are fabricated using lift-off technique on the resist patterns.  
3.2 LITHOGRAPHY AND METROLOGY TOOL SETS 
This section introduces the lithography and metrology tools used to fabricate and 
characterize the resist patterns. TEL Act-8 wafer track is used for resist processing.  
The machine is capable of coating resist layers within ± 3 nm of the targeted thickness 
with extremely good repeatability and reproducibility.  It has a few hot and chill plates 
for baking and cooling steps.  Some of the hot plates were integrated with chill plates 
to cool the wafer with a minimum delay after baking so that the thermal budget could 
be maintained tightly. Such plates, are known as Chill-Hot-Plates (CHPs). 
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Development unit was equipped with E2 nozzle to pour developer uniformly across the 
wafer to form puddles.  
Nikon KrF (λ = 248 nm) scanner is used for alignment and exposure step.  The 
maximum numerical aperture (NA) was 0.68, with fixed multiple partial coherence 
factors of 0.31, 0.44, 0.56, 0.66 and 0.75. The tool also has 2/3 annular illumination 
option with σin = 0.5 and σout = 0.75 at NA = 0.68.  
For process characterization purpose, a Hitachi CD SEM S-9200 was used.  
This tool is capable of using low acceleration voltage to create minimum shrinkage in 
the resist pattern. The inspection of the patterns was carried out in an AMAT defect 
review SEM. Tilt (options available are: 0, 15 and 45º) and rotation (options available 
are: 0, 45, 90 and 180º) options were used to obtain the information on the sidewall 
profiles. A JEOL JSM 6700F SEM was used for imaging the magnetic nanostructures. 
3.3 BASIC LITHOGRAPHY PROCESS STEPS  
The lithography processing steps used for fabricating nanostructures presented in this 
thesis are shown in Fig. 3.1. Process starts with temperature stabilization followed by 
coating of the anti-reflective layer, known as bottom anti-reflective coating (BARC).  
A 60 nm thick BARC AR3 was used in all the experiments. The function of the 
temperature stabilization step is to set the initial temperature of the wafer as the film 
uniformity in spin coatings is sensitive to temperature. BARC coating is followed by a 
high temperature baking cycle to make it insoluble in resist. Although the baking 
temperatures are specific to BARC materials, 205ºC for 60 sec was used. Cooling is 
then performed to bring the wafer temperature to about 23ºC. The next step is resist 
coating, followed by soft bake and then cooling. The resist layers were spin coated 
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with a thickness nonuniformity of less than 3 nm. Low viscosity photoresist M221Y 
from JSR was used for most of the experiments. The resist thickness was kept at 280 
nm. The soft bake was at 120ºC for 90 sec. Some of the experiments also used 480 nm 
thick layer of resist UV210 from Rohm and Hass with soft bake at 130ºC for 60 sec. 
The post soft bake cooling is followed by wafer edge exposure (WEE) process in resist 
processing tool to expose the resist from wafer edge; the exposed resist gets cleared off 
in the development process later.  
 
Fig. 3.1: Lithographic process steps. 
Next, the wafer moves to the exposure tool. The exposure tool exposes the 
mask patterns on the resist coated wafers. Although this step has many variables to be 
chosen, the key parameters are exposure dose, focus offset, numerical aperture, and 
partial coherence factor. During the process development, dose and focus were varied 
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dose are known as the focus-exposure-meander (FEM). The numerical aperture was 
kept at maximum available 0.68. The partial coherence factor, σ, was changed from 
experiment to experiment as per the requirement of the mask type and structures. 
The exposure process generates photo-acid in the resist layer which makes the 
positive resist soluble in developer. However, due to poor dose sensitivity and low 
illumination power of DUV lasers, the photo-acid generated is not sufficient; chemical 
amplification of photo-acid by baking at moderate temperature is used. Due to the 
chemical amplification process, the post exposure bake (PEB) step is considered a 
critical step; the baking plate temperature and baking time affect the final critical 
dimension (CD). Chilling-Hot-Plates (CHPs), hot and cold plates integrated together, 
were used for this step to maintain the thermal budget. In our process the PEB step was 
at 110ºC for 90 sec for M221Y and 135 ºC for 90 sec for the resist UV210.  
The PEB is followed by development of the exposed resist. For positive resist, 
the exposed area on the wafers (exposed in WEE and exposure step) are developed 
away and retained only the unexposed resist. The resists used in our work are both 
positive, and were developed in 2.38% Tetrametylammonium hydroxide (TMAH) 
based aqueous developer using a 60 sec puddle. The BARC is insensitive to the 
irradiation and remains as coated with the wafer after development. In some of the 
experiments, the BARC is etched in O2 plasma diluted in Argon.  
  
3.4 HIGH RESOLUTION MASK DESIGN AND FABRICATION 
The conventional resolution limit of the projection exposure tool, used for the 
lithography process development in this thesis, is 265 nm (using K1 = 0.75 in equation 
3.10). The off-axis (σout = 0.75, σin = 0.5) annular illumination is expected to push the 
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practically useful half-pitch resolution limit to 180 nm (K1 = 0.5).  To pattern below 
180 nm half-pitch, the use of aggressive resolution enhancement technique is 
necessary.  Hybrid phase shift mask [1], containing alternating PSM, Chromeless PSM 
and attenuated PSM on the same reticle blank, is used for developing high resolution 
patterning in this thesis. The mask was fabricated at HOYA Corporation, Japan. In 
addition to the hybrid mask, high grade binary masks were also used for some 
patterning work.  
 The hybrid mask was designed using four different layers. Two layers were 
dedicated for 180º phase apertures of alternating phase shift and CPL masks. The third 
layer was common among the 0º phase apertures of all the three PSMs. The fourth and 
last layer was used to define the logic (0º OR 180º) of attenuated PSM. To fabricate the 
hybrid mask, 20% attenuated PSM blank with Molybdenum Silicon Oxy-Nitride 
(MoSiON) layer, as an absorber cum phase shifter, was chosen as base plate.  
 The process steps used to fabricate the mask are shown in Fig. 3.2. E-beam tool 
JVX-9000 MV2 was used for mask writing. A global biasing of 20 nm (at 4x) was 
included for the 180º phase apertures of alternating PSM and CPL mask at the time of 
reticle fabrication in an effort to offset the 3D effects [2, 3]. For the same reasons, 
undercuts were also created using wet process for 180º phase apertures in alternating 
phase shifted regions. CPL was without undercuts to keep the phase edge sharp. The 
phase and transmission on the mask were measured on structures specially included for 
that purpose using MPM-248 tool from lasertec. The data on phase was within +/- 2.7º 
while on transmission was within +/- 0.24% of the target. 
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Fig. 3.2 Process steps of hybrid phase shift mask; alternating PSM with undercuts, CPL with 
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2. e-beam lithography for 0º 
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3. e-beam lithography for π 
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phase difference.   
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etch. 
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3  Fabrication of Magnetic Nanostructures: With Advances in DUV Lithography 
 51
3.5 NANOSTRUCTURES PATTERNING WITH HYBRID PSM 
Although nanostructures in various shapes are patterned in this section, the process 
development was started with line and space, and hole patterns as other shapes can 
always be generated from these two structures. 
3.5.1 DENSELY PACKED NANOWIRES  
The densely packed magnetic nanowires were fabricated using dense line and space 
patterns. The alternating PSM was used to develop large area dense line and space 
resist patterns down to 120 nm half-pitch (K1 ≈ 0.33).  The full advantage of 
alternating PSM is with coherent illumination [4] which, however, is not feasible 
practically.  The lowest available partial coherence factor, σmin = 0.31 was, therefore, 
used.   
Shown in Fig. 3.3, are the focus plots presented at multiple exposure doses, 
known as Bossung plot [5] The CD measurements were carried out on resist line.  The 
Bossung plot is used to find the optimal focus and dose process point that yields the 
largest depth-of-focus (DOF) over a tolerable range of exposure latitude.  It can be 
seen from the figure that the optimal exposure dose, which results in flat focus plots, is 
from 53 to 56 mJ/cm2.  Large DOF of about 0.7 µm is obtained with best focus at + 0.1 
µm. The achieved DOF is more than that required to pattern a planar wafer 
consistently using the exposure tool used in this thesis.  The large DOF can be 
attributed to the symmetrical 2-beam imaging in alternating phase shift mask 
technology [6].  
Shown in the lower part of the figure are SEM micrographs at different focus 
conditions.  Interestingly, the space width is found to be sensitive to the focus. At 
negative defocus, the 0º phase space is smaller than 180º phase space; converse is true 
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at positive defocus.  This is attributed to the intensity imbalance [7] caused by phase 
error effects in the mask. A solution to this problem is presented in § 3.7.1.   
 
Fig. 3.3: Focus plots for 1:1 line space patterns with 120 nm half-pitch using alt-PSM. The 
SEM micrographs are taken at exposure dose of 56 mJ/cm2.   
 
Shown in Fig. 3.4, is the exposure dose plot. CD is measured on the resist line 
across the dose at the best focus. The exposure dose margins are extremely high. The 
CD change with per unit dose is between 1.1 to 2.86 nm for full range of exposure as 
illustrated in the figure. This is about 2x better than the value required in a 
manufacturing environment.  The top view SEM images shown in the lower part of the 
figure, display a very uniform and smooth sidewall across the dose including extreme 
conditions.  
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Fig. 3.4: Exposure dose plots at optimal focus for 1:1 line space patterns with 120 nm half-
pitch using alternating PSM. Measurements are carried out on resist line as the target. SEM 
micrographs in lower part at: extreme underexposure, space CD ~ 100 nm (left); nominal 
exposure with equal line and space (center); extreme overexposure, line CD ~ 100 nm (right).    
 
Further exposition of the good sidewall profile is through the crossectional 
image shown in Fig. 3.5. The image was taken after BARC etch in O2 plasma diluted 
with Argon. After BARC etch, line CDs as low as 65 nm are obtained for these dense 
line space patterns.  
Next, the impact of varying the aperture (space) width and chrome width on the 
printed line CD using alternating PSM was studied. The understanding of these, is 
important to suggest modifications on the mask designs for generating new structures. 
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Fig. 3.5: Crossectional SEM image of line space patterns showing high aspect ratio (~5) lines 
with good side wall profile after BARC etch.  
 
3.5.1.1 Impact of Aperture Width  
To study the aperture width effect in alternating PSM, the size of apertures was varied 
from 150 nm to 10 µm across the 100 nm chrome line. All the adjacent apertures were 
equal in width, opposite in phases (0º on one side of the chrome line and 180º on other 
side) and in two different lengths; 1 µm and 50 µm.  The mask with these features was 
printed at optimal focus and dose. The measured line CD across the aperture width is 
presented in Fig. 3.6.  The line CD is strongly affected by the aperture width up to 1.0 
µm. The variation can be described in four zones. Zone A→B is the region of increase 
in ± 1st diffraction order capture; the capture of additional energy reduces the line CD. 
At point B, the ± 1st diffraction orders are fully captured.  Zone B→C is the region, 
where ± 1st diffraction orders move close to the lens center, thus reducing the angle 
between interfering rays forming the image. As the image is being formed by only two 
beam interference, the intensity modulations remain sinusoidal which, despite the 
increase in aperture width results in equal line and space patterns. Therefore the line 
CD increases with the pitch. At point C, the ± 3rd diffraction orders begin to participate 
in the image formation. Zone C→D is the region of increase in ± 3rd diffraction order 
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capture, which reduces the line CD when synthesized with  ± 1st diffraction orders. At 
point D, the ± 3rd diffraction orders are fully captured and ± 5th diffraction orders 
begin to participate in the image formation. Zone D→E is the region of increase in ± 
5th diffraction order capture, which being out-off-phase reduces the line CD.  At point 
E, the ± 5th diffraction orders are fully captured. Zone E→F (beyond 1 µm) is a non-
interactive region where multiple diffraction orders overlap, and behaves like a 
continuous diffraction spectrum. 
 The maximum aperture width, which has an impact on the adjacent line CD, is 
a quantitative measure of the optical interaction length. From our experiment, as 
obvious from the figure, the line CD fluctuation can be seen up to the aperture width of 
slightly more than 1.0 µm. This is in good agreement with the theoretical value 
(=1.12/σ) of 1.32 µm [8]. The large optical interaction length is a consequence of low-
σ illumination. 
 As can be seen from the figure, the total CD variation as a result of change in 
aperture width is about 35 nm. Considering ~ 2 nm of CD change per mJ/cm2 [Fig 
3.4], a change of ~ 17 mJ in exposure dose would be required to compensate the 
impact of aperture width. This value is much higher than ever required for 
conventional binary masks. Furthermore, there is not much difference between the 
aperture lengths of 1 µm and 50 µm.  Minor increase in the line CD for 1 µm aperture 
length is due to some energy going out of the projection lens as a result of diffraction 
effect along the line length.  Aperture length of 50 µm is too large to create appreciable 
diffraction effects. 
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Fig. 3.6: The impact of the 0º and 180º apertures width on the printed critical dimension of a 
100 nm line using alternating PSM. Aperture length is taken as 1µm and 50µm.  
 
3.5.1.2 Impact of Chrome Line Width  
In this section, the impact of change in chrome (Cr) line CD on the wafer CD using 
alternating phase shift mask is presented. The quantitative measure of such effect – 
ratio of change in printed CD to change in mask CD – is known as mask error 
enhancement factor (MEEF) [9] in the lithography terminology. The value of MEEF 
depends upon the mask type, feature type and process conditions; preferred value is 1. 
The different Cr width, 60 nm to 220 nm in 10 nm steps, with 1.0 µm wide opposite 
phase apertures (beyond the optical interaction range) on both sides of the Cr, were 
designed to perform this study. The mask with these features was printed at optimal 
focus and dose. The measured line CD against the design CD is plotted is Fig. 3.7. The 
ideal situation, MEEF = 1, is drawn with red dashed line. The length of the drawn 
vertical lines, used to shade the figure, illustrates deviation from the ideal situation. As 
apparent from the figure, the value of MEEF is much lower than unity for CD values 
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strong interaction between the adjacent 0 and π phase apertures is one of the reasons of 
low MEEF. Such low value of MEEF creates problem in OPC of features which 
require very large correction for a little change. For example, to compensate the 35 nm 
of CD variation caused by aperture width, presented in above section, a change of ~ 90 
nm is desired. 
 
Fig. 3.7: The impact of chrome line width on the printed CD using alternating PSM with 
aperture width of 1 µm.  
 
3.5.1.3 Chromeless Phase Edge  
In the previous section, the impact of chrome line width on patterned resist line CD 
was discussed. The Cr width was reduced down to 60 nm.  In this section, the chrome 
is completely removed and thus the mask features are chromeless.  The structures are 
printed purely because of the destructive interference at the phase transition.  Shown in 
Fig. 3.8(a), is a sketch of the CPL mask layout used to pattern 110 nm half-pitch (K1 ~ 
0.3)  line space patterns. The corresponding SEM micrograph of printed line and space 
patterns at optimal dose and focus conditions is shown in Fig. 3.8 (b). As a result of 
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spatial frequency doubling, the number of line and space printed on the wafer are 2x to 




Fig. 3.8: (a) CPL Layout schematic for patterning dense line space patterns, (b) SEM images at 
best focus, and (c) SEM micrograph at negative (top) and positive (bottom) defocus.  
 Moreover, the space width is found even more sensitive to the focus than that 
observed using alternating PSM. At negative defocus, the 0º phase trenches are closed, 
while the π phase trenches are closed at positive defocus as shown in Fig. 3.8(c).  This 
experimental data supports the theoretical modeling [7] suggesting that phase errors 
are expected to be more prominent in CPL than that in alternating PSM.  A solution to 
this problem will be presented in §.3.7.1. 
F = -0.2 µm
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3.5.2 SEMI-DENSE AND ISOLATED NANOWIRES  
For fabricating semi-dense and isolated magnetic nanowires, low-dimensional sparse 
space patterns in resist were developed. The patterning of sparse patterns, as discussed 
in § 2.3.2 of chapter 2, is not limited by fundamental resolution limit. The high 
resolution sub-100 nm sparse resist lines can be patterned using alternating phase shift 
or CPL masks. The spacing between the lines can be easily increased by increasing the 
aperture width. On the other hand, the patterning of sparse space is very challenging. 
The phase interaction of alternating phase apertures is poor and thus the benefit of 
phase shifting principle is lost.   
The sparse space lithography was developed using 20% attenuated PSM. Side-
lobe suppressors [10] were designed to get side-lobe free patterning. Shown in Fig. 3.9 
(a) and (b) are the SEM micrographs of 120 nm space patterns at a duty ratio of 1:2 
and 1:6 respectively. The patterning was done using partial coherence of 0.31. Despite 
of low-σ illumination, the patterns were completely free from side lobes. The 
corresponding exposure latitude graph is shown in Fig. 3.9(c).   
     
          (a)                       (b)          (c) 
Fig. 3.9 Top view SEM micrographs, using 20% attenuated PSM, of sparse space patterns (a) 
1:2 duty ratio, and (b) 1:6 duty ratio. (c) Exposure dose plots; the slope of the curves is ~ 3 
nm/mJ/cm2. 
 A CD bias of ~ 10 to 15 nm is seen between 1:2 and 1:6 trenches which could 
be compensated on the mask. Both the duty ratios have nearly equal exposure latitude 
– nearly identical slopes. 















 pitch 360 nm
 pitch 720 nm
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 The lithography of completely isolated trench was developed using CPL mask. 
Shown in Fig. 3.10, are the SEM micrograph and exposure latitude plot of the isolated 
trench patterned using CPL along with the layout sketch. As can be seen in the layout, 
on both sides of the 0º phase aperture, the sub-resolution alternate phase grating is used 
to create the dark background without chrome. This uses interference to completely 
inhibit the transmission of light. CD values down to 120 nm are achieved using σ = 
0.31. The slope of dose plot [Fig. 3.10(c)] is ~ 3.7 nm/mJ/cm2, which is comparable to 
semi-dense line and space patterns presented earlier in Fig. 3.9(c). 
 
           (a)            (b)          (c)   
Fig. 3.10: (a) CPL Layout schematic for isolated trench, (b) SEM micrograph of ~ 110 nm 
space printed using layout (a), and (c) the corresponding exposure latitude plot. 
 
3.5.3 DENSLY PACKED DOTS 
The densely packed magnetic nanodots were fabricated using closely packed hole 
patterns in the resist. The lithography for sub-wavelength densely packed holes was 
developed using alternating PSM. The development procedure is similar to that 
described in § 3.5.1 for line and space patterns.  Due to two dimensional diffraction 
from hole structures on the mask, good process margins could be achieved down to 
150 nm half-pitch only. A design bias of 20 nm was applied to improve the process 
margin. 
Shown in Fig. 3.11, are the focus plots for 150 nm half-pitch presented at 
multiple exposure doses. It can be seen from the figure that the optimal exposure dose 
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window is from 65 mJ/cm2 to 70 mJ/cm2, which results in the CD values within ±10% 
of the target value with large DOF (~ 0.6 µm). At exposure dose less than 65 mJ/cm2, 
the DOF is relatively poor, while at dose higher than 70 mJ/cm2, the CD value is large.  
The best focus is almost at + 0.2 µm with equal negative and positive defocus margins. 
The large DOF can be attributed to the symmetrical 2-beam imaging in alternating 
phase shift mask technology [6]. In fact, in the case of 150 nm half-pitch hole, there 
would be 4 beams (2 interfering pairs); ±1st diffraction orders along X as well as along 
Y direction. 
    
Fig. 3.11:  Bossung plots for 150 nm holes at a pitch of 300 nm using alternating PSM. The 
drawn holes with phase assignment are shown on top of SEM micrographs.  
 
 Shown in the lower part of the Fig. 3.11 are SEM micrographs at different 
focus conditions.  The corresponding mask layout with phase assignment is drawn on 
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top of the micrographs. To achieve the full advantage of alternating phase shift 
principle, the 0º and 180º phases are assigned such that the nearest neighbors of each 
hole are in opposite phases.  Interestingly, similar to the space patterning, the hole 
width is also found to be sensitive to the defocus. The 0º phase holes are closed at 
negative focus while 180º phase holes are closed at positive defocus.  This is attributed 
to the intensity imbalance [7] caused by phase error effects in the mask. A solution to 
this problem is presented in § 3.7.1. 
 Shown in Fig. 3.12, is the exposure dose behavior of the 150 nm half-pitch hole 
measured at best focus. The exposure dose margins are extremely high. The CD 
change with per unit dose is more than 3.5 nm for full range of exposure as illustrated 
in the figure. The top view SEM images shown in the lower part of the figure, display 
a very circular and smooth hole shape across the dose including extreme conditions. 
Interestingly, with underexposure, there is a significant reduction in the exposure 
latitude.  It is attributed to the decreasing slope of the intensity profile towards the peak 
of the aerial image formed through the hole. The reduced develop rate with reduction 
in feature size could also be one of the reasons.  
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Fig. 3.12: Exposure dose plots at optimal focus for 1:1 hole patterns with 150 nm half-pitch 
using alternating PSM. SEM micrographs in lower part at: extreme underexposure, hole CD ~ 
120 nm (left); nominal exposure, hole CD ~ 150 nm (center); extreme overexposure, hole to 
hole spacing ~ 60 nm (right).    
 
 
3.5.4 ISOLATED DOTS  
For fabricating isolated magnetic dots, the low dimensional sparse hole patterns in 
resist were developed. Similar to the semi-dense space patterning, attenuated PSM was 
used for patterning sparse holes. Using 20% attenuated PSM, 120 nm holes at a pitch 
of 480 nm were achieved with acceptable process margin.  Shown in Fig. 3.13, are the 
SEM images along layout sketch of the 120 nm holes patterned at a duty ratio of 1:3.  
The holes were designed as 60 nm oversized at the mask. The small squares at 
diagonal locations are 60 x 60 nm holes acting as side lobe suppressors. They pass the 
radiation in phase opposite to background and thus cancel the field due to destructive 
interference [10].  For this process, a new resist M296Y from JSR with layer thickness 
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of 350 nm was used. A medium partial coherence factor,  σ = 0.56, was used during 
exposure.  
     
   (a)           (b) 
 
Fig. 3.13: (a) Layout sketch; the small square shaped patterns are side-lobe suppressors, and 
(b) SEM image of the 120 nm semi-dense holes patterned using 20% attenuated PSM.  
  
3.5.5 HIGH DENSITY ANTI-RINGS  
The high density magnetic anti-rings were fabricated using densely packed bright field 
ring-shaped patterns of the resist. This section presents the sub-resolution bright field 
ring shaped structures of photoresist using CPL technique. SEM micrographs of the 
rings patterned on the wafer superimposed on the layout (dotted squares) are shown in 
Fig. 3.14. These rings are obtained purely due to destructive interference at sharp 
phase transition from 0 to 180º or vice versa. The layout is as simple as a binary layout 
for dense array of holes. The transmission is 100% everywhere; the background is in 0º 
phase while holes (dotted squares) are in 180º phase. Reversed phase assignment i.e. 
drawing holes in 0º and background in 180º phase, is equally acceptable. During 
patterning, the square shape changed into a circle due to corner rounding effect in the 
projection imaging [11].   
 As low partial coherence factor is preferred with the single edge CPL mask 
design, the minimum available partial coherence factor, σ = 0.31, was used. Upon 
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proper optimization of the process, rings with inner diameter of 120 nm, outer diameter 
of 320 nm at a pitch of 480 nm were achieved [12].  
 
Fig. 3.14: SEM micrograph of the rings printed on the wafer superimposed on CPL layout; the 
dotted squares correspond to 180º phase regions in 0º background.  
 
 In the CPL layout for rings, the diagonal centers between the rings are the most 
distant points from the phase transition boundaries. These diagonal locations, thus, 
receive the maximum light intensity due to minimum interference effect and get fully 
exposed at much lower exposure dose, especially in comparison to the ring center.  
This fact was used to generate sharp corner diamonds by underexposing the rings [12]. 
The rings remain merged along both the axes with fully closed inner holes. Shown in 
Fig. 3.15(a), is the SEM micrograph of fabricated diamonds. The sharp corners are 
clearly seen which otherwise, by using a diamond shape pattern on the mask, are not 
possible due to corner rounding effect.  
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 Furthermore, the lithography scanner used for this development has a little 
astigmatism aberration (orientation dependency on focal length) [13]. The astigmatism 
effect was used along with exposure dose to merge the rings along the Y direction. The 
space modulated split nanowires with circular holes fitting inside the wires at all the 
wider CD locations, thus printed, are shown in Fig. 3.15(b).  
    
   (a)               (b) 
 
Fig. 3.15: SEM micrographs of CPL rings printed as diamond shaped holes (a) and modulated 
split nanowire (b). 
  
 Similar to the layout for circular rings, rectangular 180º phase regions in CPL 
mask were designed to pattern elongated rings.  Shown in Fig. 3.16 (a), is the SEM 
micrograph of the fabricated elongated rings. The corner rounding of the intra-ring 
adjacent corners along the short axis has created some non-uniformity along the 
circumference as obvious from the figure. Shown in Fig. 3.16 (b), is the SEM 
micrograph of modulated nanowires with oblong holes at the wider CD locations. It 
was generated by merging the elongated rings along Y direction utilizing astigmatism 
along with focus and dose effects.  
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   (a)            (b) 
Fig. 3.16: SEM micrographs of (a) elongated rings tilted at 45º, and (b) elongated rings 
merged in Y direction to form modulated nanowires with oblong holes fitting inside the wider 
regions. 
 
3.5.6 HIGH DENSITY RINGS  
The high density magnetic rings were fabricated using densely packed dark field ring-
shaped patterns in the resist. The sub-resolution dark field elongated ring shaped 
structures were created in photoresist using alternating PSM. One phase per ring with 
phase alteration between the rings was used to achieve small ring-to-ring spacing.  The 
small spacing is very useful for magneto-static interaction study as shown in chapter 5. 
The phase implementation is sketched in the Fig. 3.17(a). Either 0º or 180º phase is 
assigned to the entire ring with chrome as background; the adjacent rings are assigned 
with opposite phase. The top view SEM images of the elongated rings printed using 
partial coherence factor of 0.31, at optimal exposure and focus condition is shown in 
Fig. 3.17 (b). Shown in Fig. 3.17(c) is the exposure dose plot on the central oblong and 
on the resist lines separating the rings. The slope of exposure plot on central oblong is 
much higher than the phase shifted lines. Further, the oblong disappeared at 75 
mJ/cm2, while the phase shifted line could survive a much higher dose >115 mJ/cm2. 
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   (a)                         (b)                                          (c) 
Fig. 3.17: (a) Alternating phase implementation for patterning dark field rings in positive 
photoresist , (b) top view SEM micrograph of printed rings, and (c) exposure dose graph. 
The poor exposure margin of central oblong is due to the fact that it has not 
benefited from the phase alternation. In fact, the central oblong is surrounded by the 
same phase and thus the size and process latitude are defined by conventional binary 
mask process. This puts a limit on using overexposure for reducing the resist line 
dimensions i.e. the spacing between the rings in this specific case. In fact, with 
overexposure, the central oblong first reduced in size like a small dot and then 
disappeared completely and thus resulted in closely spaced rectangular antidots as 
systematically shown in Fig. 3.18. The spacing between the rectangles could be 
brought down to about 50 nm due to alternating phase benefits.  
    
(a)     (b)              (c)  
 
Fig. 3.18: 45º titled top view micrographs of elongated rings at: (a) nominal dose (b) 
overexposure showing central oblong reduced to a tiny dot, and (c) extreme overexposure 
showing total disappearance of central oblong.  
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3.6 NANOSTRUCTURES USING DOUBLE EPOSURE WITH 
SHIFT  
Double exposure with shift (DEWS) technique was developed to generate sub-
resolution structures from wide patterns on the mask [14]. It uses two consecutive 
exposures where the second exposing step is shifted with respect to the first and trims 
the latent image created in the first exposure as depicted schematically in Fig. 3.19. 
The shift of the second exposure determines the dimension of the final latent image 
and hence the pattern width in the resist after development. The second exposure is self 
aligned to first within the stepping accuracy as between two exposures the wafer 
remains on the stage. Therefore, a good stepping accuracy of the exposing tool is of 
utmost importance to implement this technique. Stepping accuracy of the scanner used 
for this work was better than 10 nm. 
 
Fig. 3.19 schematics of DEWS technique: (a) dark line on the mask (top) with corresponding 
latent image (bottom), (b) the shift in 2nd exposure, region 2, with respect to latent image 
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The total exposure energy (sum of two exposures) in DEWS process was found  
nearly equal to the nominal dose in single exposure. Therefore, the flare (scattered 
light within the projection system) does not have any adverse effect on DEWS process. 
Using DEWS technique, a low grade binary mask could be used for patterning sub-
100nm lines in positive resist. Shown in Fig. 3.20 (a), is the SEM image of a 80 nm 
line patterned using DEWS process from 500 nm line on the binary mask. In a single 
exposure with overdose this line did not survive below 120 nm.  Shown in Fig. 3.20 
(b), is the PROLITH simulated aerial image intensity profile for a 100 nm chrome line 
along with the same printed utilizing DEWS process from a 500 nm chrome line. It 
clearly shows that the intensity profile obtained using DEWS process is much sharper 
with lower background intensity than the conventional single exposure image and 
therefore could be used to trim the image to a much smaller size. Similarly, a negative 
resist can be used to implement DEWS for patterning sub-resolution trenches.   
       
            (a)            (b) 
 
Fig. 3.20: (a) SEM images of a printed 80 nm line using a 500 nm line on the binary mask 
using DEWS, (b) aerial image comparison in single exposure, SE, (100 nm design width) and 







3  Fabrication of Magnetic Nanostructures: With Advances in DUV Lithography 
 71
Besides reducing the size of semi-isolated and isolated line patterns, DEWS has 
the potential to generate multiple shapes and density improvement from the given 
mask features. An example of frequency doubling – pitch reduction to half – is shown 
in Fig. 3.21. Using DEWS, 3:1 line space pattern at a pitch of 800 nm on the mask is 
patterns on the wafer as 1:1 with a pitch of 400 nm. In this particular case, the second 
exposure was shifted along the ‘x’ direction by 400 nm relative to the first. 
     
              (a)                                                                 (b)  
 
Fig. 3.21: SEM micrographs of 3:1 line space patterns (200 nm space, 600 nm line) printed as: 
(a)  3:1 duty ratio using single exposure, and (b) 1:1 at a pitch of 400 nm using DEWS.  
 
In another example, oblong holes and modulated nanowires could be fabricated 
using circular hole pattern presented earlier in Fig. 3.12. Shown in Fig. 3.22, are the 
top view SEM micrographs of oblong holes, and two different forms of modulated 
nanowires fabricated using DEWS. Different shift values were incorporated in the 
second exposure relative to the first using DEWS process. 
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                            (a)                                              (b)               (c) 
 
Fig. 3.22: SEM micrographs showing pattern shape alteration implementing DEWS on 
circular holes; (a) Oblong hole printed with 100 nm Y shift of the second exposure, (b) 
modulated nanowires created using 120 nm Y-shift in second exposure along with some 
increase of the dose, (c) sinusoidal modulation with both X and Y nm shifts in second 
exposure. 
 
3.7 CHALLENGES WITH USING STRONG PSMs 
In previous sections, the high resolution DUV lithography for patterning 
nanostructures was presented. Strong phase-shifted (alternating and CPL) mask were 
mainly used. Although uniform patterns over a large area were achieved at the optimal 
focus offset, severe pattern size differences, as a result of intensity imbalance, were 
observed across the focus [Fig. 3.3 and Fig. 3.11]. This is one of the obvious issues 
hindering the utilization of full potential of alternating phase-shift and CPL technology 
[15, 16]. Another issue is related to the impact of low partial coherence illumination 
required for the exposure in strong phase shift masks. As a result of low-σ 
illumination, swing amplitude is found to be enhanced and bigger patterns suffered the 
most [17].  In this section, the solutions to these two issues are presented.  
3.7.1  INTENSITY IMBALANCE 
The first technique used to suppress the intensity imbalance in alternating phase shift 
mask was the dual trench [18] method.  In this method the adjacent apertures uses 90º 
and 270º phases rather than 0º and 180º.  Thus, both the apertures are affected by the 
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etch process, but not to the same extent as the required etch depths for 90º and 270º 
phases are different. Moreover, it results in reduced process latitude.  Use of sidewall 
chrome alternating aperture (SCAA) mask, [19-20] is another way to overcome the 
intensity imbalance issue. The SCAA masks, however, are very expensive due to 
complicated fabrication steps. Although throughput reduces to 1/4th of the single 
exposure, reversed phase double exposure method [21] is one of the better techniques 
to suppress intensity imbalance in alternating PSM. In this thesis work, a process 
method for suppressing intensity imbalance caused by phase errors in phase shift 
masks has been developed and presented in the following section.  
3.7.1.1 Reversed Focus Double Exposure Method 
Reversed focus double exposure is a process method for suppressing intensity 
imbalance caused by phase errors. It is applicable to the different types of phase shift 
masks. It uses double exposure at reversed focus to nullify the phase errors [22]. The 
experimental validation of the method was carried out by exposing focus exposure 
meander (FEM) twice on the same wafer but with reversed focus offsets.  This led to 
the negative defocus overlapped with positive defocus of the same amount. Resist 
UV210 was used due to its higher sensitivity. The common overlapped focus, known 
as usable depth of focus (UDOF), of adjacent space patterns out of 120 nm half-pitch 
line space using alternating PSM, was taken as the figure of merit to quantify the 
improvement.  
  Shown in Fig. 3.23, are the conventional single exposure focus plots for 
adjacent space patterns corresponding to 0º and 180º phase apertures in an alternating 
phase mask. The patterns are 120 nm half-pitch dense 1:1 line and space.  The focus 
curves are non-overlapped and highly tilted.  Across focus, the CD difference of more 
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than 20 nm between 0 and 180º phase apertures is clearly seen.  UDOF has reduced by 
0.2 µm. This can be attributed to intensity imbalance caused by phase errors. 
 
Fig. 3.23: Focus plots corresponding to 0 and 180º phase apertures in an alternating phase 120 
nm half-pitch dense, 1:1 line space pattern.  
 
 Shown in Fig. 3.24, are the focus plots of 120 nm half-pitch, 0 and 180º phase 
adjacent trenches, using reversed focus double exposure.  It can be seen that the plots 
are immune to the phase errors; both the 0 and 180º phase trenches have fully 
overlapped and symmetric focus plots.  The UDOF is 0.4µm, which is 0.2µm more 
than the single exposure. This illustrates that the lost DOF, due to intensity imbalance, 
is completely recovered using reversed focus double exposure.  The top view SEM 
images corresponding to negative defocus (focus offset = -0.2 µm), and positive 
defocus (focus offset = 0.2 µm) are shown as inset to the figure.  The SEM images also 
demonstrate the elimination of CD imbalance as the adjacent trenches are equal in both 
the images.  
 Thus, using the reversed focus double exposure method, the CD non uniformity 
caused by phase error induced intensity imbalance in an alternating phase shift mask 
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has been corrected.  In comparison to reversed phase double exposure [21], this 
method is superior in terms of throughput.  Furthermore, in addition to the elimination 
of phase error related image imbalance, the method presented in this thesis could 
automatically eliminate the impact of the focus dependent lens aberrations such as 
astigmatism [13], on pattern CD. The transmission errors, however, are not corrected 
in this method. Optimization of 0 to 180º aperture bias on the mask is an easy solution 
to implement.  In fact, reversed focus double exposure method could be instrumental in 
isolating the biasing needed of different apertures as it separates the pure transmission 
error by suppressing the phase errors.  
 
Fig. 3.24: Focus plots of 0 and 180º phase spaces using reversed focus double exposure. In the 
lower part of the SEM micrographs are at: (left) negative defocus (focus offset = -0.2 µm), 
(center) best focus (focus offset = 0.0 µm), and (right) positive defocus (focus offset = 0.2 
µm).  
 
 Analytically, the reversed focus double exposure concept uses the fact that, 
)sin()sin( ∇−=−∇ . Thus, the change of sign of defocus angle changes the sign of the 
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defocus term in intensity profile Eq. (2.21), which is the only focus dependent term. 
Therefore, the defocus term can be eliminated by averaging the intensity with positive 
and negative defocus angles. Thus, from Eq. (2.21),  
( ){ } { }[ ]),(,
2
1














wxIideal φφ      (3.1) 
Eq. (3.1) is independent of defocus term which shows that defocus related 
intensity imbalance caused by the presence of phase error could be eliminated by 
reversed focus dual exposure process. The two exposures have to be with reversed 
focus offsets.  
The concept of reversed focus double exposure has also been modeled using 
PROLITH [23] simulations. A mask with 120 nm line space patterns with -10º phase 
error i.e. alternate apertures with 170º phase transmission instead of 180º was designed 
to perform aerial image simulations.  Shown in Fig. 3.25, are the aerial image intensity 
plots simulated at 0.0, -0.2, and 0.2 µm focus offsets using conventional single 
exposure, and reversed focus double exposure with focus offsets -0.2, and 0.2 µm.  At 
zero defocus [Fig. 3.25 (a)], as expected, there is no imbalance.  At negative defocus 
[Fig. 3.25 (b)], the peak intensity of 0º phase aperture is weaker than that of 170º phase 
aperture, which leads to CD imbalance.  The CD of 0º phase aperture is lower than the 
CD of 170º phase aperture. At positive defocus [Fig. 3.25 (c)] the peak intensity of 
170º phase aperture is weaker than that of 0º phase aperture which leads to CD 
imbalance; CD of 170º phase aperture is lower than the CD of 0º phase aperture. The 
double exposure at reverse foci is the average of aerial image intensity at -0.2 [Fig. 
3.25 (b)] and +0.2 µm [Fig. 3.25 (c)] defocus. Figure 3.25 (d) shows the aerial image 
intensity profile using reversed focus double exposure; no imbalance is seen. 
3  Fabrication of Magnetic Nanostructures: With Advances in DUV Lithography 
 77
Furthermore, the intensity profile is similar to zero defocus case [Fig. 3.25 (a)]. The 
PROLITH simulations are in very good agreement with the experimental data.  
  
   (a)               (b)  
   
   (c)               (d)  
Fig. 3.25 PROLITH simulated normalized aerial image plots with a phase error of -10º – 
alternate apertures with 170º phase transmission instead of 180º; (a) at best focus, (b) at -0.2 
um defocus, and (c) at +0.2 um defocus, (d) double exposure with -0.2 um and +0.2 um 
defocus. The exposure conditions are as follows: NA=0.68, σ = 0.31.  
 
3.7.2  ENHANCED SWING AMPLITUDE 
Although the low-σ exposure using alternating PSM is beneficial in terms of resolution 
and DOF [24, 25], it produces high standing waves [26] caused by strong interference 
phenomenon within the resist. The presence of standing waves makes the energy 
coupling in the resist to vary in a sinusoidal fashion. This results in pattern dimension 
to swing with resist thickness, known as CD swing, as described in § 2.2.4 of chapter 
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2. Although, there are several works on CD swing [27-34], none has discussed the 
behavior using alternating PSM. 
 A systematic study of swing effect using alternating PSM was performed in this 
project. Effects are compared with binary masks. Interestingly, at low-σ illumination, 
the bigger patterns are found more sensitive to swing effect with large swing 
amplitudes than that of the smaller patterns. The converse is, however, true for binary 
mask at the same partial coherence factor.  Therefore, it is suggested to use larger 
patterns for more accurate identification of swing inflection points while selecting the 
resist thickness for the lithography process using alternating PSM.  Furthermore, due 
to low partial coherence factor σ, the CD swings in alternating PSM process were 
much larger than those of the usual binary mask processes and therefore, the 
alternating PSM processes may require an improved design or dual layer of anti-
reflective coatings [24]. Normalized image log slope (NILS) was found to be a good 
indicator of the swing sensitivity.     
 To perform this study, a dark field alternating PSM with chrome line width 
from 60 nm to 220 nm in 10 nm steps was used. The dark lines were made by defining 
0 and π phase clear apertures of widths 1.0 µm on the sides of chrome line. Although 
the results are generic, the data is presented using M221Y resist process. The FEM 
were patterned and measured to find the best process conditions before the swing 
study.  
 
3.7.2.1 Effect of Oxide Thickness  
To study the swing effect caused by oxide thickness, wafers with different oxide layer 
thicknesses, from 77 nm to 165 nm, were prepared using PECVD process. These 
wafers were then patterned using the designed mask using a partial coherence factor of 
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0.31. The CD of two extreme patterns – 60 nm and 220 nm – were measured and 
plotted against oxide layer thickness. Shown in Fig. 3.26, is the CD swing curve thus 
obtained for 60 nm and 220 nm alternating PSM lines. Both the curves show swing 
behavior with peak and valley at 96 nm and 137 nm oxide thickness respectively. The 
peak-to-valley CD swing for 60 nm and 220 nm lines are 11 nm and 22 nm 
respectively; the ratio of the swing amplitudes is 0.5. The printed mean CD value of 60 
nm and 220 nm lines taken over all the 11 wafers are 89 nm and 178 nm respectively; 
the ratio of the printed line CDs is also 0.5. This shows that the ratio of the CD swing 
and ratio of patterned CD of the lines are equal, and have a value of 0.5. The ratio was 
found to remain unchanged with different resists and across the design CD values from 
60 nm to 220 nm. 
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Fig. 3.26 CD swings of 60 nm and 220 nm alternating PSM lines due to oxide thickness 
variation. 
  
 It was observed that at low-σ, for large features, the resist thickness selection is 
very important. Usually to get a good CD uniformity, either a peak or a valley region 
of the swing is selected for the lithography process set up. However, at σ of 0.31 (low-
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σ), the profile of 220 nm lines has double edges [Fig. 3.27 (a-c)] at the valley of the 
swing curves. On the other hand, at the peak of swing curve, the resist profile was 
smooth as shown in Fig. 3.27 (d-f).  In both the cases, profiles are shown across-the-
focus to confirm that the degradation is not a result of wrong focus selection during the 
exposure. Thus, it is obvious that adequate care must be taken in selecting the right 
inflection point of the swing curve while working at low σ using alt PSM. No 
significant change was noticed in the profile of 60 nm lines, probably due to close 
phase interactions of the opposite phase apertures. 
          
                      (a)                                            (b)                                          (c)  
 
          
                         (d)                                          (e)                                          (f) 
Fig. 3.27: Across the focus SEM top view images of 220 nm lines on the oxide wafer; {(a) – 
(c)} corresponds to the valley of swing curve, and {(d) – (f)} corresponds to the peak of swing 
curve. The values of focus offsets are written in μm on the images.  
  
3.7.2.2 Effect of Resist Thickness  
In order to investigate the swing effect as a function of resist thickness, the oxide 
wafers with layer thickness corresponding to the maximum reflection to increase the 
-0.2 μm 0.1 μm 0.4 μm 
-0.2 μm 0.1 μm 0.4 μm 
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sensitivity of resist swing curve were used. As can be seen from Fig. 3.26, the oxide 
thickness resulting in maximum reflection, producing minimum line CD, is 137 nm.  
Wafers with oxide layer thickness of 137 nm were prepared and patterned though the 
same alternating PSM using σ = 0.31. The resist thickness was varied from wafer to 
wafer. CD measured on lines with 60 nm and 220 nm wide designs were plotted as a 
function of resist thickness.  Shown in Fig. 3.28, is the CD swing curve thus obtained.  







































Fig. 3.28: CD swing of 60 nm and 220 nm alternating PSM lines due to resist thickness 
variation. 
  
 As can be seen from the figure, both the curves – 60 nm and 220 nm lines – 
show tremendous swing behavior with peak-to-valley CD variation of 17 nm and 35 
nm for 60 nm and 220 nm lines respectively. The mean CD of as-printed 60 nm and 
220 nm lines taken over 9 wafers were 75 nm and 165 nm respectively. It shows that 
the ratio of the swing amplitudes and ratio of as-printed CD of the lines are equal, and 
have a value of ~ 0.5; same as that presented for oxide swing effect. 
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3.7.2.3 Effect of σ  on Swing Amplitude  
To study the effect of partial coherence factor on the swing amplitude, the wafers with 
oxide layer thickness corresponding to the valley (137 nm) and peak (96 nm) of the 
swing curve (Fig. 3.26) were used. Wafers were patterned using different available 
partial coherence factors. To compare the swing effect between alternating PSM and 
binary, along with 60 nm and 220 nm alternating PSM lines, the 120 nm and 300 nm 
wide binary lines were also measured. The peak-to-valley swing amplitude was 
obtained by taking the difference of the corresponding CD values on the two different 
wafers.  
 Shown in Fig. 3.29 is the peak-to-valley CD swing amplitude of 60 nm and 220 
nm as a function of σ using alternating PSM. It can be seen from the figure that CD 
swing amplitude has a parabolic behavior with σ. At low-σ (0.31), the swing amplitude 
of 60 nm alternating PSM line is much smaller (almost half) than the swing amplitude 
of 220 nm line. With an increase in σ towards the medium value (0.56), the swing 
amplitude of 220 nm line has reduced significantly, while that of 60 nm remains 
almost the same. With further increase in σ towards the higher value (0.75), the swing 
amplitudes of both the lines have increased with a steep rise for 60 nm line. At σ = 
0.75, the swing amplitude of 60 nm PSM line is slightly higher than the swing 
amplitude of 220 nm PSM line. The increase of swing amplitude with σ for 60 nm 
phase shifted lines could be due to the domination of close phase interactions at low 
value. The phase interaction is ineffective at large sigma because of poor interference 
effects – alternating PSM behaves like a binary mask. In the case of 220 nm line, the 
significant reduction in swing amplitude from low to medium sigma could be 
attributed to a reduction in interference of incident and reflected light, while an 
increase from medium to large sigma could be due to a reduction of exposure latitude. 
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Fig. 3.29 Peak-to-valley CD swings against partial coherent for 60 and 220 nm alt PSM lines.  
  
 Shown in Fig. 3.30 is the effect of σ on peak-to-valley CD swing amplitude for 
120 nm and 300 nm in binary mask. As can be seen from the figure, at low σ of 0.31, 
the 120 nm line has tremendous swing amplitude (50 nm), which has reduced down to 
18 nm with an increase of σ to 0.75. This drastic reduction of swing amplitude could 
be attributed to the reduction of interference between the incident and reflected waves 
with reduced coherence. The 300 nm line has also shown the same trend. However, the 
change in the swing amplitude is negligible. The small change could be due to the 
large CD of the line – well above the resolution limit of the exposure tool used. 
Moreover, the 120 nm line has shown a peak-to-valley swing amplitude twice to the 
peak-to-valley swing amplitude of 300 nm line at σ of 0.31, which is opposite to the 
results presented for alternating PSM. 
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Fig. 3.30: Peak-to-valley CD swings against partial coherent for 120 and 300 nm binary lines.  
 
3.7.2.4 Aerial Image Simulations  
To further understand the mechanisms responsible for the reverse swing behavior and 
impact of partial coherence factor, simulations using PROLITH were performed. 
Shown in Fig. 3.31 (a), are the aerial image profiles of 60 nm and 220 nm alternating 
PSM isolated lines simulated at σ = 0.31 and 0.75. As can be seen from the figure, the 
60 nm line has much steeper aerial image profile than 220 nm line with their NILS 
(ILS normalized to printed values; 90 nm for 60 nm line, and 180 nm for 220 nm line) 
ratio ~ 1.8.  The inverse of the NILS ratio is 0.55 which is very close to the 
corresponding swing amplitude ratio of 0.5 (Fig. 3.26 and Fig. 3.28). It suggests that 
the poor NILS of bigger patterns is responsible for the high swing amplitude of these 
patterns.  
 Shown in Fig. 3.31 (b), are the aerial image profiles of 60 and 220 nm alt PSM 
isolated lines simulated at σ of 0.75.  Compared with Fig. 3.31 (a), it can be seen that, 
upon increase of partial coherence from 0.31 to 0.75, the slope of the aerial image for 
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220 nm line remained more or less the same while the slope of 60 nm line decreased 
drastically. Also, there is a significant increase in the bottom intensity of 60 nm line. 
These effects are responsible for significant increase in swing amplitude of 60 nm line 
with increase in partial coherence factor σ 
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   (a)                                                                  (b) 
Fig. 3.31 Aerial image of 60 and 200 nm alt PSM lines at: (a) σ =0.31, and (b) σ =0.75. The 
displayed NILS values are after normalization to patterned CDs (90 nm for 60 nm design and 
180 nm for 220 nm design).   
 
 Shown in Fig. 3.32, are the normalized image log slope (NILS) values plotted 
against partial coherence factor for the 60 and 220 nm lines.  As can be seen from the 
figure, the NILS for 60 nm line at σ of 0.75 is poorer than the NILS of 220 nm line. 
This may explain the reason why the swing amplitude of 60 nm line is larger than the 
swing amplitude of 220 nm line at a larger partial coherence factor. Based on the 
matching between NILS and swing amplitude, it is found that NILS is a good indicator 
of the swing sensitivity. Therefore, the patterns with least NILS values can be selected 
for swing studies, provided they have sufficient depth-of-focus (DOF) so that printed 
CD is independent of focus effects. 
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Fig. 3.32 Simulated NILS plot against partial coherence factor σ for 60 and 220 nm alt PSM 
lines. The NILS values are after normalization to patterned CDs.  
 
3.8 LIFT-OFF AND MAGNETIC CHARACTERIZATION  
In this section, the pattern transfer of some of the resist patterns, presented in earlier 
sections of this chapter, is presented. Since, the use of reactive ion etching to transfer 
the resist pattern into magnetic films is not possible because it is difficult for the 
reactive gases to form volatile compounds when in contact with magnetic materials, 
lift off process has been used. The magnetic layer was deposited using physical vapor 
depositions (e-beam evaporation and sputtering) techniques on the resist patterns. The 
layer sitting on resist was lifted-off by dissolving the resist in solvent OK73 (trade 
name of the resist solvent). In lift-off process it is crucial to have clean break-off of the 
film at the pattern edges of the resist. Therefore resist developed with undercut edge 
profile, as well as directional deposition technique, are preferred. Normally, in lift-off 
process the material thickness is kept equal to or less than one third of the resist 
thickness. The process steps of this additive pattern transfer methods are illustrated in 
Fig. 3.33 
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Fig. 3.33: Schematic diagrams of a lift-off process, forming dots on left and nanowires on 
right: (a) holes and line apace structures in resist after patterning, (b) after metal deposition on 
resist patterns, and (c) magnetic dots and nanowires after lift-off. 
 
 After the resist exposure and development, Ni80Fe20 of thickness 80nm was 
deposited using electron beam technique at a rate of 0.4Å/s.  The pressure was 
maintained at 2x10-6 Torr during the deposition process.  After deposition, lift-off was 
done by soaking the patterned film in OK73 Thinner.  Lift-off was determined by the 
color change of the patterned film and confirmed by examination under a Scanning 
Electron Microscope (SEM). SEM micrographs of arrays of Ni80Fe20 wires, circular 
dots, elongated and circular rings, anti-dots and diamond shaped dots [Fig. 3.34(a)-(f)] 
show that the magnetic nanostructures are uniformly distributed over a very large area.  
(a) After patterning 
(b) After metal deposition 
(b) After Lift-off 
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       (a)              (b) 
  
        (c)                       (d) 
  
          (e)               (f) 
Fig. 3.34: SEM micrographs of the magnetic nanostructures after deposition and lift-off on 
the resist patterns: (a) nanowires, (b) circular dots, (c) elongated rings, (d) circular rings, (e) 
magnetic nanodiamonds, and (f) circular dot encircled with anti-dot. 
 
 The hysteresis characteristics of the wires, elongated rings and diamonds were 
measured using vibrating sample magnetometer (VSM). For wires, the shape 
anisotropy effect was investigated by measuring the orientation dependent 
magnetization (M-H) loops. The magnetic field was applied parallel (θ = 00) and 
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perpendicular (θ = 900) to the wire axis corresponding to the easy and hard axes 
respectively. Figure 3.35 (a) shows the M-H loops on the 80nm thick Ni80Fe20 wire 
array for fields applied along the easy and hard axes. The corresponding M-H loops 
on the reference sample (80nm unstructured Ni80Fe20 film) that was deposited at the 
same time as the wire array is shown in Fig. 3.35(b). The M-H loops of the 
unstructured reference film are identical for all field orientations confirming the low 
intrinsic magnetic anisotropy of the Ni80Fe20 films. For field applied along the 
Ni80Fe20 wire array [Fig 3.35(a)], there is a marked increase in the coercive field from 
8 Oe for the reference film to 470 Oe for the Ni80Fe20 wire array.  The increase in the 
coercivity may be attributed to the mechanism responsible for the magnetization 
reversal process in the wire array. For the reference film, the reversal process is 
dominated by domain wall propagation in contrast to the buckling reversal mode 
reported in wires [35]. 
 When the applied field is perpendicular to the wire axis (θ = 900), there is a 
marked increase in the hard axis saturation field of the M-H loop [Fig. 3.35(a)] 
compared with the loops obtained when the field is applied along the easy axis (θ = 
00) and the reference un-patterned film. This behavior may be attributed to the 
magnetic shape anisotropy resulting from the spatially varying demagnetizing field. 
 Shown in Fig. 3.35(c) is the M-H loop on the 80nm thick Ni80Fe20 elongated 
ring array for fields applied along the long axis of the ring. The corresponding M-H 
loop for array of diamond shaped nanomagnets is shown in Fig. 3.35(d). An 
interesting field dependent behavior of the diamond shaped nanomagnets is the zero 
remanence and coercivity. One sees clearly that the loops are very different from each 
other and from that obtained from the wire array shown in Fig. 3.35(a). These changes 
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in the magnetic properties are a direct result of the variation in the symmetry of the 
nanomagnets in the arrays. 
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Fig. 3.35: Magnetic hysteresis loops obtained with VSM for 80nm thick Ni80Fe20 (a) wire 
array with field applied parallel and perpendicular to the wire easy axis (b) reference 
unpatterned film, (c) elongated ring array when the field is applied along the long axis (b) 
array of diamond shaped nanostructures with the field applied along the x-direction. The 
respective patterns are shown as insets to the figures.[12] 
 
3.9 SUMMARY  
The lithography process development steps with tool sets have been introduced. 
Nanofabrication techniques developed using KrF (λ = 248 nm) DUV lithography 
technology utilizing resolution enhancement techniques were presented. Double 
exposure with shift (DEWS) method to manipulate pattern shape and size is discussed 
with examples. A reversed focus double exposure method was presented to suppress 
the intensity imbalance issues in phase shift masks technology. In a comprehensive 
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swing study, the use of low partial coherence factor, σ, was found responsible for 
enhanced swing effects in alternating PSM lithography.  The use of large pattern is 
suggested for setting up the resist thickness while using alternating phase shift masks. 
Finally the lift-off of ferromagnetic material Ni80Fe20 was developed and demonstrated 
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FABRICATION OF MAGNETIC NANOSTRUCTURES:  
Beyond Advances in DUV Lithography 
4.1 INTRODUCTION 
In Chapter 3, the advanced deep ultraviolet (DUV) lithography process for fabricating 
large area low dimensional magnetic structures and anti-structures using deposition 
and lift-off technique on resist patterns was presented.  Being an additive process, the 
conventional lift-off technique requires anti-structures – dark field resist patterns such 
as holes – in resist to fabricate magnetic nanostructures. The resolution of dark field 
resist patterns in the current state-of-the-art positive resist lithography process is 
limited by point spread functions of the projection systems [1]. Hence the magnetic 
nanostructures of size less than 100 nm could not be achieved even with the best 
resolution enhancement technique ‘the alternating phase shift mask [2]’. Further, the 
overexposure, phase edge patterning [3], and resist trimming techniques [4], which are 
generally used to create sub-resolution bright field patterns in silicon technology, can 
not be directly implemented to fabricate magnetic nanostructures. Therefore, to move 
into sub-100 nm dimensions, some new approaches are needed.  
 In this chapter a novel large area technique for fabricating magnetic 
nanostructures, such as nanodots, nanorings and nanowires, beyond the enhanced 
lithographic resolution limit is presented. This technique is based on template 
fabrication using DUV lithography followed by pattern transfer into silicon. Resist 
trim, anisotropic plasma etching and self limiting oxidation [5] processes are utilized 
to achieve sub-50 nm silicon nanostructures in various shapes. With proper design of
95 
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the processing steps, multiple nanostructures have been synthesized using the same 
mask pattern. Double patterning with shift technique [6, 7] has been employed to 
singificantly improve the packing density of nanostructures. Resist fill and etch back 
technique is introduced for assisting the lift-off on the fabricated silicon 
nanotemplates to convert them into magnetic nanostructures. Utilizing silicon 
nanopillars as template, homogenous, high aspect ratio, trilayer 
[Ni80Fe20(25nm)/Cu(25nm)/Co(25nm)] ferromagnetic dots of diameter about 45 nm, 
over large area of 4 mm x 4 mm, were fabricated. The hysteresis property of the 
fabricated nano dots is characterized using vibrating sample magnetometer.  
4.2 TEMPLATE FABRICATION 
In this section, the technology of silicon nano templates for fabricating magnetic 
nanodots, nanorings and nanowires in various shapes, including resist fill and partial 
etch back process, developed to support lift-off, is discussed. The generation of 
multiple nanostructures using different process sequence is demonstrated. 2x density 
improvement is shown using double patterning for diamond shaped pillars.  
4.2.1 TEMPLATES FOR MAGNETIC NANODOTS 
Shown in Fig. 4.1, are the process sketches along with the tilted view SEM images at 
the various stages of fabrication of cylindrical silicon nanopillars, a template for 
circular magnetic dots. The fabrication of pillars is one of the most difficult 
lithography processes due to very high background transmission in the mask. Annular 
illumination was therefore used to block some of the background intensity. Large 
arrays of pillars, in different symmetries, were designed over an area of 4 mm x 4 mm 
each. The pillars with diameter of 200 nm at a pitch of 400 nm were patterned in 280 
nm thick positive photoresist on the top of 60 nm thick bottom anti-reflective coating 
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(BARC). Tilted view SEM image of the resist pillars in square symmetry along with 
the sketch of the process step is shown in Fig. 4.1(a).  
 The resist pillar structures were then transferred into silicon using a mixture of 
C4F8 (10 sccm) and SF6 (40 sccm) gas plasma.  The chuck temperature was kept low 
(10ºC) to get high selectivity between silicon and resist. The silicon etch rate in this 
process was 22Å/sec.  Prior to the silicon etch, BARC layer was etched at a rate of 
7Å/sec in O2 (5 sccm) plasma heavily diluted with Argon (45 sccm). The BARC etch 
recipe was tuned for maximum resist side wall trim. During this process step the pillar 
diameter was reduced to around 100 nm. The SEM micrograph along with the sketch 
of process step after BARC etch is shown in Fig. 4.1(b).  The 300 nm deep silicon was 
anisotropically etched in plasma with vertical sidewalls and extremely good selectivity. 
There was only a minimal loss of the resist layer during the silicon etch as it can be 
seen in the SEM micrograph [Fig. 4.1(c)]. This indicates that our silicon etch process is 
suitable for making very high aspect ratio pillars without increasing the resist 
thickness. The remaining resist and BARC materials on the top of pillars were 
removed in a mixture of O2 (3000 sccm) and forming gas (250 sccm) plasma at 250ºC. 
A very little, 30 sccm, CF4 in the resist strip chemistry was added to trim the pillars 
from the sides. This created a small cap on top of the pillars, as can be seen in SEM 
micrograph [Fig. 4.1(d)]. The wafers were then cleaned in wet piranha solution 
(H2SO4: H2O2 = 4:1) at 130ºC for 10 min to remove the polymer generated during the 
etch process. The diameters of the fabricated pillars were measured using inline CD 
metrology SEM. The measured value was about 100 nm with very good uniformity 
over the exposure field and within the wafer. Similar to the rectangular symmetry 
presented in Fig. 4.1, cylindrical pillars in hexagonal and honeycomb symmetries were 
also fabricated. 
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               (c) 
 
      (d) 
 
Fig. 4.1: Sketch of the pillars (left) with tilted view SEM micrographs (right): (a) after 
patterning in 280 nm thick resist on top of 60 nm BARC layer – 200 nm wide pillars at a pitch 
of 400 nm, (b) after BARC etch and resist side wall trimming – Pillar diameter ~ 100 nm, (c) 
after 300 nm deep silicon etch, and (d) after resist strip and clean.  
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 The silicon pillars were then oxidized at 875ºC to reduce the diameter to sub-50 
nm for 4 hrs. The selection of oxidation temperature and time was based on the process 
developed for lateral silicon nanowires [8]. Below 900ºC, the grown oxide remains in 
stress due to poor viscous flow, which results in a progressively reducing oxidation 
rate. Due to retarded oxidation rate, the technique results in a very controllable 
nanowire formation. After oxidation, the vertical nanowire like pillars of diameter 30 
nm, with a T-top of size 40 nm, were achieved. The ‘T’ topping started from resist 
strip and increased further in the oxidation process as a result of slow oxidation on the 
regions with low radius of curvature [5]. The SEM image of the vertical nanopillars in 
different fabricated symmetries after the stripping of the grown oxide in diluted-
hydrofluoric-acid (DHF), are shown in Fig. 4.2. 
   
            (a)               (b)             (c) 
Fig. 4.2: Tilted view SEM micrograph of 300 nm tall and ~ 40 nm wide pillars in different 
symmetries: (a) square, (b) hexagonal, and (c) honeycomb. 
 
 The silicon nanopillars were then coated with a layer of resist slightly thicker 
than the height of the pillars. Due to the small size of the silicon pillars, the resist 
coating was as uniform as that on a planar wafer. The pillars could be imbedded inside 
the resist layer. The resist was then etched back with using the BARC etch process to 
expose the top portion of the pillars. Shown in Fig. 4.3, are the tilted SEM micrographs 
of the half resist filled pillars in different symmetries taken after the resist etch back. 
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The templates are now ready for thin film deposition and lift off processes to convert 
the tip of the pillars into magnetic dots.  
   
            (a)                                               (b)                                               (c) 
Fig. 4.3: Tilted view SEM micrograph of half resist imbedded 300 nm tall and ~ 40 nm wide 
pillars in different symmetries: (a) square, (b) hexagonal, and (c) honeycomb. 
 
 Next, the diamond shaped pillars, a template for making sub-100 nm magnetic 
dots in diamond shape, were fabricated. In order to define sub-wavelength diamond 
shape pattern, dense hole structures on the mask were used together with 
overexposure. The overdose merged the adjacent holes, thus leaving behind a 
diamond shape resist pillar at the diagonal intersection of the holes as sketched in Fig. 
4.4(a). In order to obtain high density of nanodiamonds, the alternating phase shift 
mask was used. SEM micrograph of the resist diamonds obtained is shown in Fig 
4.4(b). The size of the diamond, length along the axes, is 150 x 150 nm; repeated at a 
pitch of 300 nm. To use these patterned diamonds as a template for fabricating 
nanomagnets, the resist patterns were transferred into silicon using dry etch of silicon 
in plasma as discussed earlier. Due to very good selectivity between resist and silicon, 
the diamond shape is maintained during the silicon etch process. Following the 
process steps discussed earlier, an array of 90 nm diamond shaped silicon pillars was 
fabricated as shown in Fig. 4.4(c) using the tilted view SEM micrographs. The sharp 
corners of the diamonds can be clearly seen at the top of the pillar. The pillars can be 
partial filled with resist before being used as a template for lift-off process. 
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            (a)               (b)             (c)  
Fig. 4.4: Diamond shape silicon nanopillars from the hole patterns on the mask; (a) sketch of 
hole mask design – solid square for 0 phase and dashed square for π phase hole – along with 
printed circular hole shape merging with overdose, (b) SEM image of diamonds in resist, and 
(c) tilted view SEM image of diamond shaped pillars in silicon. 
 
Polarity Reversal: Next, the polarity of the diamond shaped pillar is reversed. The 
opposite polarity templates are very attractive to fabricate diamond shaped high aspect 
ratio pillars of ferromagnetic materials using electroplating process in which the 
preferred magnetization can be perpendicular to the wafer surface. It may be worth 
mentioning here that a direct patterning method can not be applied to create diamond 
shape holes at such length scale due to corner rounding effect [9]. In fact, any shape 
defined on the mask with size ≤ 200 nm, the print of the wafer will always be circular 
using DUV lithography. To overcome this challenge, a process is developed in which 
the polarity of lithographically defined diamond shaped pillars [Fig. 4.4(b)] was 
reversed after they were transferred into the silicon. The silicon diamond pillars [Fig. 
4.4(c)] fabrication was followed by low pressure chemical vapor deposition (LPCVD) 
oxide deposition. The thickness of the oxide was kept more than the pillar height. 
Shown in Fig. 4.5(a), is the SEM micrograph after oxide deposition. The deposited 
oxide was partially polished using oxide chemical mechanical polishing (CMP) 
process to planarize the wafer surface. As a result of partial polish, a layer of oxide 
was remained on the top of the pillars, which was later etched in DHF.  Figure 4.5(b) 
shows the SEM image taken after DHF oxide-etch. The pillars tips are clearly visible.  
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Through the exposed tips, the oxide imbedded diamond shaped silicon pillars were 
then etched using a wet chemical selective to oxide. ACT690CTM at 90ºC for 15 min 
was used to etch silicon from the pillars in this process. Shown in Fig. 4.5(c), is the top 
view SEM micrograph showing the diamond shaped holes with dimension ~ 40 nm at 
a pitch of 300 nm. Before selective electroplating processes to convert these holes to 
diamond shaped ferromagnetic nanopillars, a heavy dose implant using donor or 
acceptor ions to make the bottom silicon more conducting is proposed.  
   
 (a)     (b)     (c) 
Fig. 4.5: SEM micrographs at various stages of fabrication of nano anti-diamond structures 
with size ~ 40 nm at a pitch of 300 nm. (a) After LPCVD oxide deposition on pillars, (b) after 
polish and tips expose in DHF, (c) final template after silicon etch in wet ACT690CTM 
solution.  
 
Density Improvement by Double Patterning: The results presented thus far 
demonstrated size reduction of the nanostructures using different non-lithographic 
methods. However, the pitch was still limited by the lithography technology. In order 
to increase the nanostructure packing density a reduction of the pitch is necessary. 
Double patterning with shift technique [10] has been implemented to create high 
density nanostructures. In double patterning with shift technique, the same masking 
layer is patterned twice but with a relative shift and therefore, for patterning bright 
field structures such as pillars, the use of a hard mask layer is necessary. The first 
exposed layer is transferred into the hard mask before patterning the second layer. 
Both the layers have independent resist process.  
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 Plasma enhanced chemical vapor deposition (PECVD) process was used to 
deposit 50 nm silicon nitride (SiN) as the hard mask. The first layer of the diamonds 
was patterned similar to those presented earlier in Fig. 4.4 (b), and transferred into hard 
mask layer using CF4 plasma chemistry.  Shown in Fig. 4.6(a), is the SEM micrograph 
of the diamonds transferred into SiN hard mask after resist strip. The pitch of these 
diamonds is 300 nm. The BARC and resist layers were coated again. The same 
diamonds were patterned with a shift of X =Y =150 nm with respect to the patterns 
from the first layer. This shift makes diamonds of the second layers fall at diagonal 
intersection of the diamonds in the first layer as shown in Fig. 4.6(b).  The hard mask 
diamonds of the first layer were completely imbedded in the 60 nm BARC material 
and thus are not visible in this figure. However, their position is sketched in the figure 
for clarification.  Diamonds of both the layers (first layer in hard mask and second in 
resist) were then transferred together into the silicon wafer after BARC etch process. 
The same chemistry, as discussed earlier for BARC and silicon etch, was used. 
Remaining resist and BARC materials from the second layer patterning were stripped 
in O2 plasma.  
    
            (a)              (b)              (c) 
 
Fig. 4.6: Tilted top view SEM images from double patterning process of diamond shaped 
pillars; (a) first pattern transfer into SiN hard mask, (b) after second patterning with shift, the 
position of hard mask pattern is drawn and (c) finally fabricated diamonds shape pillars at a 
pitch of 212 nm. The bright top pillars leveled as 1 are from first exposure with HM on top.  
The others are from second exposure. 
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 Shown in Fig. 4.6(c), is the tilted view SEM image of the resulting double 
density diamonds. Using 150 nm holes at a pitch of 300 nm on the mask, ~100 nm 
diamonds at a pitch of 212 nm could be fabricated. In the SEM micrograph, the 
diamonds patterned in the first layer appearing whitish at the top due to the presence 
of hard mask. Before implementing these densely packed diamond shaped templates 
into magnetics, the remaining hard mask layer can be safely removed in hot H3PO4. 
4.2.2 TEMPLATES FOR MAGNETIC NANORINGS 
The fabrication of cylindrical silicon nanotubes, a template for circular magnetic ring, 
is presented. For patterning high density nanotubes with small diameter, the 
chromeless phase lithography (CPL) was used [6]. Using CPL, the tubes with outer 
diameter down to 320 nm at a pitch of 480 nm could be obtained in 280 nm thick resist 
layer on the top of 60 nm BARC. The patterning was followed by BARC and silicon 
etch processes. Shown in Fig. 4.7(a) and Fig. 4.7(b) are tilted view SEM micrographs 
of the tube patterns after BARC etch and then after silicon etch processes respectively. 
These images are taken at 45º rotation for better clarity. After resist strip and wet 
cleaning of the silicon tubes, the process of oxidation was performed at 875ºC for 2 
hrs. This reduces the silicon wall thickness to less than 50 nm.  
   
            (a)                                            (b)                                         (c) 
Fig. 4.7: Tilted view SEM micrograph of nanotubes (a) after BARC etch, (b) after silicon etch, 
and (c) after resist fill and partial etch-back; tube outer diameter ~ 250 and wall thickness ~30 
nm. 
 104
4  Fabrication of Magnetic Nanostructures: Beyond Advances in DUV Lithography 
 To prepare the nanotubes as templates ready for lift-off to fabricate ultra 
narrow ferromagnetic rings, after coating a thin resist layer, the etch-back was 
performed using BARC etch process with O2 plasma diluted in Argon. The etch-back 
time was tuned to expose the tubes partially from the top as shown in Fig. 4.7(c). The 
contrast between the exposed top silicon and the resist filled in the lower portion of the 
tubes can be clearly seen.  
 In the direct patterning method presented above, although the tube thickness 
can be reduced by resist trimming and self limiting oxidation processes, the tube 
diameter only reduced slightly and is basically limited to lithography resolution. A new 
method was developed, where a tube is formed out of a pillar using reverse spacer 
(spacer in a hole) technique and therefore much smaller diameter, in principle, can be 
obtained. The process steps of this nano-tube fabrication technique are depicted in Fig. 
4.8.  
 The process starts with LPCVD SiN hard mask deposition followed by pillar 
patterning in DUV resist with BARC layer as shown in steps 1 and 2. After BARC 
etch, the pillars were transferred into nitride layer as shown in step 3. This was 
followed by silicon etch – step 4. As shown in step 5, the remaining resist and BARC 
layers were then stripped in O2 plasma. Next, the nitride hard mask was trimmed in 
phosphoric acid at 155ºC. The trimming of SiN from the sides results in a step between 
the silicon pillar and nitride hard mask as shown in step 6. Thus, the diameter of the 
nitride hard mask becomes smaller than the diameter of the pillar. The difference in 
diameter of the nitride hard mask and silicon pillar decides the thickness of the tube. A 
layer of high density plasma (HDP) oxide was then deposited and polished using oxide 
chemical mechanical polish (CMP) tool till the HM top was open, as shown in step 7. 
The SiN was then etched in wet phosphoric acid completely to open the pillar top at 
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the center. As shown in step 8, the opening in the oxide is smaller in size than the pillar 
diameter. The silicon was then etched in dry plasma as shown in step 9. It was 
followed by HDP oxide strip in buffered oxide etch (BOE) solution as shown by step 
10. This completes the silicon nanotube fabrication. The resist filling and etch back can 
be applied similar to the other patterns discussed earlier.  
(2) Pillar exposure and develop (3) BARC and SiN etch
 
Fig. 4.8: Schematics depicting the stepwise fabrication of nano-tube using a pillar pattern on 
the mask. 
  
 This technique was implemented on cylindrical pillar patterns discussed in 
section 4.2.1. Shown in Figs. 4.9(a) and (b), are the SEM micrographs taken after step-
8 (the nitride hard mask strip) and final step-10 (HDP oxide removal) using cylindrical 
pillars respectively. However, the BOE oxide strip was partial due to un-optimized 
etch time. Interestingly, this method of fabricating silicon nanotube templates is not 
limited to any particular crossectional shape. Using this method, we have also 
(1) SiN Hard Mask deposition, 
BARC, and resist coating 
(4) Si etch (5) Stripping of remaining resist and BARC(6) Trimming of Hard Mask 




 Silicon Oxide (SiO2) 
(10) Oxide strip  Silicon nitride 
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demonstrated diamond shaped nanotubes after starting from diamond shaped patterns 
presented in Fig. 4.4(c). The outer size along the axes of the diamond is less than 150 
nm with inner hole in sub-100 nm. The fabricated diamond shaped silicon tube 
templates are shown in Fig. 4.9(c). To the best of our knowledge, at the presented 
length scale, none of the lithography technology can directly pattern diamond shape 
nanotubes. 
   
           (a)                                                (b)                                           (c) 
300 nm 400 nm 400 nm 
 
Fig. 4.9: The SEM images of the nano-tubes corresponding to different steps of schematics in 
Fig. 4.8; (a) corresponding to step 8, (b) corresponding to step 10 of the schematic, (c) 
diamond shaped silicon nanotubes template at pitch of 300 nm. 
 
4.2.3 TEMPLATES FOR MAGNETIC NANOWIRES 
Recently, using alternating phase shift lithography, closely packed nanowires 
ferromagnetic nanowires with inter-wire spacing of about 65 nm were fabricated and 
characterized [6]. However, the wire width could not be reduced below 100 nm due to 
difficulty in patterning sub-100 nm trenches. In this section, a silicon nanowire 
template which can allow the fabrication of ferromagnetic nanowires with width less 
than 10 nm has been presented.  Firstly, silicon nanowire templates are fabricated 
using silicon on insulator (SOI) substrate as discussed below.  
 Using alternating phase shift mask process about 100 nm wide lines were 
defined in resist, trimmed in O2 plasma to about 40 nm, and then transferred into top 
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silicon layer using plasma etching process. Oxidation at 875ºC was performed to 
convert the silicon beam into nanowire [11]. Nanowires thickness down to 5 nm was 
obtained repeatably. After oxidation, the oxide layer was removed in diluted-hydro-
fluoric acid (DHF). Shown in Fig. 4.10 (a-b), are the representative tilted view SEM 
micrographs of the fabricated 1.25 µm long single nanowire, and an array of 1.0µm 
long nanowires repeated at a pitch of 400 nm respectively. Figure 4.10 (c) shows the 
high resolution transmission electron microscope (TEM) image showing the 
crossectional diameter of the nanowire. The nanowire is 5 nm thick, covered in oxide 
layer. For TEM sample preparation, a 100 nm thick oxide was deposited on the 
nanowires prior to focused ion beam (FIB) cutting. 
   






Fig. 4.10: Tilted view SEM micrograph of (a) single nanowire of length 1.25µm (b) Array of 
nanowires of length 1.0µm at a pitch of 400 nm (c) TEM crossectional image of the nanowire.   
 
 As SOI wafers are usually very expensive, from the cost reduction view point, 
the poly-silicon nanowires were fabricated as template for fabricating magnetic 
nanowires. To fabricate these wires, 0.5 µm thick silicon dioxide and 50 nm poly-Si 
were deposited on 8” Si wafer using plasma enhanced chemical vapor deposition 
(PECVD) and LPCVD processes respectively. Sub-100 nm wide resist beam pattern 
were defined using alternating-PSM and trimmed down to 30 nm in O2 plasma diluted 
with Argon. The resist patterns were transferred into poly-silicon by plasma etch using 
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C4F8 plus SF6 chemistry. About 25 nm wide nanowires lying on the oxide were 
achieved as shown in Fig. 4.11(a). Oxide was then etched using buffered-oxide-etch 
(BOE) solution. The SEM image after the oxide below nanowire is removed using 
BOE is shown in Fig. 4.11(b). The inset to the figure shows undercuts below the poly 
layer. The optical microscope image of the nanowire with connected pads is shown in 
Fig. 4.11(c). 
   





Fig. 411: Poly silicon nanowire templates: (a) SEM image after pattern transfer into poly-
silicon, nanowire is lying on the oxide layer (b) SEM image after buffered oxide etch, ~ 25 nm 
thick nanowire is hanging and serious undercuts are obvious in the inset, and (c) optical image 
showing the pad connected to nanowire. 
 Due to large undercuts in BOE oxide etch, these templates can be used for 
fabricating ferromagnetic nanowires without resist filling. The undercuts disconnect 
the metal deposition on top of nanowires to the metal on background.   
4.3 LIFT-OFF AND MAGNETIC CHARACTERIZATION  
The lift-off process was developed using the silicon nano-pillar templates presented 
earlier in Fig. 4.3(a). After the final step of template fabrication i.e. after resist fill and 
etch back, the tri-layer material, Ni80Fe20(25nm)/Cu(25nm)/Co(25nm), was deposited 
using electron beam evaporation technique.  The deposition rates for Ni80Fe20 and Cu 
were 0.3Å/s and 0.2 Å/s respectively.   The pressure was maintained at 1.0 x 10-6 torr 
during growth.  Lift-off was conducted in resist thinner OK73 followed with an 
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ultrasonic bath.  Completion of the lift-off process was ascertained by the color 
contrast of the patterned Ni80Fe20 area and confirmed by inspection under scanning 
electron microscope (SEM).  SEM images of an array of trilayer 
Ni80Fe20(25nm)/Cu(25nm)/Ni80Fe20(25nm) dot-shaped nanomagnets is shown in Fig. 
4.12. The dot-shaped nanostructures are uniform having a diameter of 45 nm, with a 
period of 400nm.  A clear dark background shows the good quality of lift of technique. 
       
Fig. 4.12: SEM micrographs of an array of trilayer Ni80Fe20(25nm)/Cu(25nm)/Ni80Fe20(25nm) 
dot-shaped ~ 45 nm diameter nanomagnets at a pitch of 400 nm.  
  
 After the lift-off process, the magnetization property of the tri-layer magnetic 
nanodots was characterized at room temperature using vibrating sample magnetometer 
(VSM). Shown in Fig 4.13(a) are the normalized magnetization loops obtained for 
fields applied in plane with the dot-shaped nanomagnets with trilayer 
Ni80Fe20(25nm)/Cu(25nm)/Co(25nm) film.   
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Fig. 4.13: (a) Normalized magnetization loops obtained for fields applied along the dot-shaped 
nanomagnets with trilayer Ni80Fe20(25nm)/Cu(25nm)/Co(25nm) film. (b) Normalized 
magnetization loops of the reference layer. 
 As can be seen from the figure, the magnetization loop displays a coercivity of 
36 Oe and a squareness of 0.8.  As the field is reduced from positive saturation, region 
A, we observe a gradual decrease in the magnetization until an external field of 0 Oe, 
region B.  As the applied field is increased in the opposite direction, a sharp drop in 
magnetic moment is observed, leading to region C, as seen in Fig 4.13(a).  Further 
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decrease in magnetization until region D is reached.  As the applied field again 
increases, the magnetization decreases gradually until negative saturation is achieved 
at region E. The existence of the hysteresis in the M-H loop indicates the presence of 
magnetic layer on the top of pillars and thus the formation of magnetic nanodots. It 
confirms the success of resist fill followed by etch back supported lift-off technique 
on templates. 
 Shown in Fig 4.13(b) is the normalized magnetization loops for a reference 
unpatterned Ni80Fe20(25nm)/Cu(25nm)/Co(25nm) film that was deposited under the 
same conditions of the patterned nanostructures.  The M-H loop displays an almost 
rectangular shape with negligible coercivity and remanence. 
4.4 SUMMARY 
 Sub-lithographic low dimensional magnet fabrication technique based on 
silicon nano-template has been demonstrated. The fabrication technology of the 
various shapes of the templates such as cylindrical and diamond shaped pillars, 
cylindrical and diamond shaped tubes and nanowires, was presented. Sub-100 nm 
diamond shaped holes were fabricated using polarity reversal of the diamond shaped 
pillars.  Density improvement of 2x was demonstrated using double patterning 
technique. A successful tri-layer [Ni80Fe20(25nm)/Cu(25nm)/Co(25nm)] lift-off was 
shown on the sub-50 nm pillar template using the proposed resist fill and etch back 
technique. The magnetic properties of the tri-layer nanodots were detected using 
vibrating sample magnetometer. A marked variation in the magnetic properties of the 
patterned nanomagnets compared with the reference film. Although demonstrated 
using only for dots, the silicon template method is found successful in fabricating sub-
100 nm nanomagnets which otherwise was not possible using DUV lithography.  
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MAGNETIC NANORINGS AND DERIVATIVES 
 
5.1 INTRODUCTION 
In this chapter, a systematic investigation of the magnetic properties in Ni80Fe20 
magnetic nanostructures of complex geometrical shapes such as elongated-rings, and 
their derivatives is presented.  The transitions from “onion” to “vortex” or from 
“vortex” to reversed “onion” states, switching field, and the stability of the vortex state 
are found to be strongly dependent on the geometrical parameters such as inter-ring 
spacing and thickness of the rings. For elongated rings, a marked variation in the 
hysteresis loops is observed due to the shape induced magnetic anisotropy investigated 
by varying the direction of the magnetic field relative to the major axis of the ring. 
Compared with the isolated rings of similar lateral dimensions, the closely packed ring 
arrays showed sharp transitions from the onion to vortex state due to collective 
magnetization reversal of the rings. The range of stability of the vortex state is found to 
be smaller for closely packed ring arrays. The magnetic properties and spin 
configurations in the ring derivatives, fabricated by removing different segments of the 
ring structure, are found to be strongly influenced by the segment that is removed. The 
experimental results obtained using vibrating sample magnetometer (VSM) are found 
to be in very good agreement with both the direct mapping using magnetic force 
microscopy (MFM) and micromagnetic simulations. 
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5.2 BACKGROUND 
The magnetic nanorings are expected to be suitable elements for magneto-electronic 
devices in which a stable and reproducible switching mechanism is required. Recently, 
the magnetization reversal in elliptical [1, 2], square [3, 4] and circular [5, 6] nanorings 
of varying sizes and spacing has been widely investigated. Two distinct states namely, 
the “vortex” state and the “onion” state, have been identified experimentally.  At 
saturation, the rings are magnetized parallel to the applied field, and as the field is 
reduced, the magnetization relaxes to follow the circumference of the ring, forming the 
so-called “onion” state which is characterized by two 180˚ domain walls. A transition 
from the onion state to the “vortex” state, in which the magnetization runs 
circumferentially with no domain walls, occurs via the displacement of one of the 
head-to-head domain walls along one of the axes of the ring and annihilation with the 
other wall.  In contrast to a thin film disc, where the vortex state is unfavorable in 
small elements due to the high exchange energy of the vortex core, in rings the vortex 
core is eliminated, resulting in a stable vortex state.   
 One of the main problems associated with symmetrical rings in applications 
such as non-volatile magnetic random access memory, is the difficulty in pinning the 
magnetic domain walls in certain places. Micromagnetic simulations on symmetric 
rings show that the flux closure state is only achieved in the presence of pinning sites 
[7]. Without pinning, both magnetic “poles” of the onion state start to rotate 
simultaneously and the reversed onion state is reached without the intermediate flux 
closure state.  
 In order to pin a domain wall, notches were introduced into the rings using 
electron beam lithography. This resulted in the asymmetric magnetization reversal 
occurring for different applied fields which are dependent on the size of the notch [8]. 
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In a related work, Liou et al. [9] introduced assymetricity by intentionally adding tips 
into the permalloy rings as a geometrical defect to interrupt the continuity of the 
magnetization. It was observed that the wall cannot propagate through the tip but goes 
through the wall annihilation and nucleation processes. Castaňo et al. [10] have also 
investigated the magnetization reversal in elliptical-ring Co nanomagnets. It was 
observed that the anisotropic behavior of elliptical rings, in particular the differences in 
the stability range of the vortex states as a function of the applied field direction, can 
be used to provide an additional control over the switching behavior.  Saitoh et al. [11] 
have shown that it is possible to control the direction of magnetic moment circulation 
in decentered Ni81Fe19 rings.  
 In this study, Ni80Fe20 ferromagnetic elongated rings and their complex 
derivatives such as U shape, C shape and half rings have been fabricated over a large 
area of 4 mm x 4 mm. Using VSM, the detailed magnetization reversal is studied as a 
function of ring thickness and spacing. The local magnetic spin states are mapped at 
remanence using MFM. Understanding of the magnetization reversal process is aided 
by micromagnetic simulations.  
5.3 EXPERIMENTAL METHODS  
Large area elongated Ni80Fe20 nanorings and derivatives were fabricated on silicon 
substrates using deep ultraviolet (DUV) lithography at 248 nm exposing wavelength 
followed by lift-off technique [12]. For fabricating high density bright field magnetic 
nano-rings using conventional film deposition followed by lift-off technique, a dark 
field alternating phase shift mask at a low partial coherence of 0.31 was used as 
discussed in chapter 3.  
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 For patterning derivatives of the rings, due to missing segments, the alternating 
PSM could not be implemented with performance improvement and therefore a high 
grade binary mask was used. The size of the rings and their derivatives on the binary 
mask were as follows: ring width = 180 nm, length along minor axis = 600 nm, and 
length along major axis = 900 nm. For the investigation of magnetostatic interaction, 
the ring separation was varied from 180 nm to 900 nm. Typical tilted view SEM 
images of the patterned ring and derivatives in a 280 nm resist on top of 60 nm BARC 
are shown in Fig. 5.1.  
    
    
 
Fig. 5.1: Tilted view SEM micrographs of an array of (a) elongated ring, (b) U- shaped 
derivative, (c) C-shaped derivative, and (d) half-ring patterns in 280 nm thick resist on top of 
60 nm BARC. 
1 µm (d) 1 µm (c) 
1 µm (b) 1 µm (a) 
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 Ni80Fe20 of thickness in the range from 5 nm to 80 nm was then deposited using 
electron beam technique at a rate of 0.4 Å/s.  The pressure was maintained at 2 x 10-6 
Torr during the deposition process.  After deposition, lift-off was done by soaking the 
patterned film in resist thinner OK73.  Lift-off was determined by the color change of 
the patterned film and confirmed by examination under a Scanning Electron 
Microscope (SEM). The SEM micrographs of arrays of fabricated elongated Ni80Fe20 
rings and derivatives, corresponding to the resist patterns presented in Fig. 5.1, are 
shown in Fig. 5.2. The uniformly distributed nanostructures are clearly seen.  
 
Fig. 5.2:  SEM micrographs after lift-off process of Ni80Fe20 film on resist patterns. (a) 
elongated rings, (d) U-shaped ring derivative, (e) C-shaped ring derivative, and (f) half-ring. 
Images (a-d) are corresponding to the resist patterns shown in Figs. 5.1 (a-d). 
 The collective behavior of the fabricated arrays was characterized using 
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spin states were performed using magnetic force microscopy (MFM) in tapping-lift 
mode with a Digital InstrumentsTM NanoScope scanning probe microscope 
DimensionTM 3100. A low-moment tip coated with CoCr, were used with a lift scan 
height of 50 nm. Micromagnetic modeling was performed using the two dimensional 
OOMMF code from NIST [13]. The intrinsic parameters used in the simulations are: 
saturation moment MS = 860 x 103 A/m, exchange constant A = 13 x 10-12 J/m, 
magnetocrystalline anisotropy K1 = 0 J/m3. A unit cell size of 5 nm is used in all the 
simulations. It was assumed that the intrinsic uniaxial anisotropy of the bulk Ni80Fe20 
film is negligible when compared with the shape-induced anisotropy of the rings. The 
shape of the rings in the simulations was based on masks made from SEM images of 
the ring arrays.  
5.4 ELONGATED MAGNETIC NANO RINGS  
5.4.1 SPIN-STATE EVOLUTION  
This section discusses the systematic evolution of magnetic properties of elongated 
Ni80Fe20 nano-rings. Figure 5.3 (a) shows the VSM magnetization curve at room 
temperature for an array of ~ 107 elongated 30nm thick Ni80Fe20 rings measured using 
VSM when the external field H is applied along the major axis of the ring (θ = 00). The 
long (major) axis length of the ring is 780 nm, while the short (minor) axis length is 
490 nm. The inter ring spacing along the major and minor axes are 160 nm and 125 nm 
respectively. Prior to the beginning of the measurement, an initial magnetic field of 1 
kOe was applied to saturate the magnetization of the rings in the positive y direction. 
The magnetic field was then swept back toward a negative saturation field value at a 
constant rate. The hysteresis curve shown in Fig. 5.3(a) displays a number of 
5  Magnetic Nanorings and Derivatives 
 120
transitions in the magnetization states as the applied field is varied from saturation 
field Hs in one direction to Hs in the other. Each transition corresponds to a stable 
magnetic state of the Ni80Fe20 rings. Understanding these transitions is facilitated by 
























































Fig. 5.3: (a) Magnetic hysteresis loop of arrays of elongated 30nm thick Ni80Fe20 rings when 
the applied field is along the major axis (θ = 00). The SEM image of the rings is shown as an 
inset. (b) Simulated hysteresis loop of a single elongated 30 nm thick Ni80Fe20 ring. The ring 
shape is drawn as an inset. 
 Shown in Fig. 5.3(b) is the simulated M-H loop of a single elongated 30 nm 
thick Ni80Fe20 ring. There is a good agreement between the experimental and simulated 
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M-H loops. Similar result was obtained for a 4x4 array of 30 nm thick rings with the 
same geometry as in experiment [Fig. 5.3(a)], indicating that the effect of 
magnetostatic interaction is very negligible. The evolution in the magnetic spin states 
obtained from the micromagnetic simulations for a single 30 nm thick Ni80Fe20 ring are 
shown in Fig. 5.4. The so called magnetic “onion” state, shown in Fig. 5.4(a), is 
achieved when a large magnetic field was applied along the major axis of the ring. 
This corresponds to position A on the hysteresis loop in Fig. 5.3(b). The magnetic field 
was then swept back toward the negative direction. As the applied field is reduced, the 
spins begin to rotate due to the competition between the exchange and magnetostatic 
energies. As the applied field is reduced to zero, a new “twisted” magnetization state 
with two diagonal vortices as shown in Fig. 5.4(b) is observed corresponding to region 
B on the hysteresis loop in Fig. 5.3(b).  This magnetic state is stable until the applied 
field is -80 Oe. Such a state is absent in the case of highly symmetric ring at zero field 
[7]. Further increase of the applied field beyond -80 Oe leads to the second “twisted” 
magnetic state where the two vortices are opposite to each other along the minor axis 
as shown in Fig. 5.4 (c). This state is stable until the applied field is -280 Oe and 
represents the region D on the M-H curve in Fig. 5.3 (b).  Beyond this field value, a 
new “twisted” magnetic state emerges as shown in Fig 5.4(d), corresponding to region 
C on the M-H curve in Fig. 5.3 (b). This state is stable until the applied field is 
increased to -440 Oe. Further increase in the applied field beyond this point results in 
the magnetization of the ring being aligned along the negative direction corresponding 
to the reverse “onion” state as shown in Fig. 5.3 (e). The second curve (E-F-G-H-A) 
was obtained after applying a large negative field, and the sweeping H towards 
positive values. A very good agreement between the micromagnetic simulations and 
experimental results is observed. 
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Fig. 5.4: Simulated spin states of a single 30 nm thick Ni80Fe20 elongated ring for the field 
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5.4.1.1 Effect of Film Thickness  
In order to further investigate the evolution in magnetic spin states, in particular the 
various transition states observed in Fig. 5.3(a), the effect of the ring thickness was 
studied by varying it from 5 nm to 60 nm. Shown in Figs. 5.5(a-d), are the 
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Fig 5.5: Representative magnetic hysteresis loops of arrays of elongated Ni80Fe20 rings as a 
function of the film thickness: (a) t = 5 nm, (b) t = 10 nm, (c) t = 20 nm, and (d) t = 60 nm. 
 
 As can be seen from the figure, for thin film thickness (t = 5 nm), the transition 
from the “onion” to “vortex” state is not very prominent. For very thin rings the 
nucleation and reversal of domains is more important than de-pinning of domain wall 
giving rise to a single transition from the onion to reverse onion state, with no vortex 
state developing during the magnetization reversal process [14]. As the ring thickness 
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is increased, however, there is a marked increase in the switching field and also the 
range of stability of the magnetic state. The detail features of the loop are also 
markedly modified for t = 60 nm, and there is a marked reduction in the remanent 
magnetic moment. The onset of vortex state and the field range, ΔHfc, over which the 
vortex is stable, is very sensitive to the thickness of the rings. It is observed that as the 
ring thickness is increased from 10 nm to 60nm, there is a corresponding increase in 
the field range, ΔHfc, from 150 Oe to 340 Oe respectively.  
 Shown is Fig. 5.6, are the corresponding calculated M-H loops as a function of 
the ring thickness. There is a very good agreement between the simulations and 
experimental results.  In order to have a better understanding of the thickness 
dependent reversal mechanism in the rings, the magnetic spin configurations at 
remanence were also captured and shown with the M-H loop in Fig. 5.6. It can be 
observed that only for t ≥ 60 nm, the vortex state is stabilized at remanence. For rings 
with t ≤ 30 nm, it was observed that the vortex state is only stabilized at a reversed 
field. In general, the onset of the transition from the onion state to vortex state is highly 
sensitive to the ring thickness as observed from our experimental results and 
micromagnetic simulations. 
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Fig. 5.6: Simulated M-H loops of a single elongated Ni80Fe20 ring as a function the ring 
thickness: (a) 10 nm, (b) 20 nm (c) 60 nm. The remanent (zero field) spin state as a function 
the ring thickness, t, are shown on the right.  
5.4.1.2 Effect of Shape Induced Magnetic Anisotropy 
To understand the effects of in-plane magnetic anisotropy on the transitions of the 
magnetization states, measurements of the magnetic hysteresis loops as a function of 
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the orientation of the applied field, θ, relative to the major axis of the rings were 
carried out. Shown in Fig. 5.7 are the representative M-H loops for an array of 





































Fig. 5.7: Representative M-H loops of arrays of elongated 30nm Ni80Fe20 rings as a function of 
the orientation of the applied in-plane magnetic field relative to the major axis of the rings. 
 A marked change is observed in the hysteresis loops as the orientation of the 
applied field is varied. In particular, the transition regions of magnetization are very 
sensitive to θ.  These significant changes in the hysteresis loops with θ suggest that 
shape induced in-plane magnetic anisotropy is very dominant in the reversal process of 
the elongated Ni80Fe20 rings. This is in agreement with results obtained by Castaňo et 
al. [10] in elliptical-ring Co nanomagnets.  
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5.4.1.3 Angular Dependence of Coercivity 
The angular dependence of coercivity provides information on the magnetization 
reversal mode. To have a better understanding of the evolution of the magnetization 
reversal processes, the values of coercive field from the hysteresis loops were extracted 
as a function of the orientation of the applied field for different thicknesses. Shown in 
Fig. 5.8 is the variation of the coercivity (Hc) with the applied field orientation θ for 

























Fig. 5.8: Coercive field of Ni80Fe20 rings as a function of the orientation of the applied in-plane 
magnetic field relative to the major axis of the rings for various thicknesses. 
 It can be seen from the figure that the Hc-θ dependence is markedly sensitive to 
the ring thickness suggesting that different magnetization reversal modes dominate. 
For t = 10 nm, maximum coercivity occurs for field applied along the ring major axis 
(θ = 0º). As θ increases, the coercivity decreases, reaching a minimum for field applied 
along the ring minor axis (θ = 90o). This angular variation of coercivity is consistent 
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with the coherent rotation reversal mode based on the Stoner-Wolhfarth model [15]. 
As the ring thickness is increased to 20 nm, a completely different field orientation 
dependence of Hc is observed when compared with the coherent mode for t = 10 nm. 
As the field orientation increases from θ = 0º to θ = 60º, a slight increase in coercivity 
is first observed. With further increase in field orientation, a decrease in coercivity 
with a minimum at θ = 90º is observed. For t = 30 nm, the coercivity first increases as 
the field orientation is increased from θ = 0º to θ = 30º, followed by a drastic decrease 
in the coercivity with increase in field orientation until θ = 90º. As the ring thickness is 
increased to t = 60 nm, there is a drastic reduction in the coercivity which is almost 
independent of the orientation of the applied field. It is believed that the field range 
over which the vortex state is stable is very important in determining the trend in the 
coercivity. For thicker ring, the vortex state is very stable over a large field range 
because of the strong magnetostatic energy. Our observations of the Hc-θ with film 
thickness suggest strongly that the ring thickness plays an important role in the 
magnetization reversal process. 
5.4.2 MAGNETOSTATIC COUPLING 
The magnetic properties in an array of densely packed magnetic ring can be strongly 
affected by magnetostatic coupling. Fundamentally, the effect of magnetostatic 
interactions on the switching mechanism and the various magnetic transitions is of 
interest. Magnetostatic interactions between neighboring rings can also result in 
collective behaviors leading to complexities in the magnetic configurations compared 
with those of non-interacting rings, and difference in the remanence and coercivity. 
From an application viewpoint, both the ring size and inter-ring spacing limit the 
maximum achievable density of devices based on magnetic rings. An understanding 
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and control of magnetostatic interactions between neighboring elements are therefore 
crucial in the design and implementation of a working product. While the magnetic 
properties of isolated ferromagnetic rings have received a lot of attention [16-28], very 
few experiments on closely packed ring arrays have been reported. 
 The effects of coupling on the magnetic switching of micron-size cobalt rings 
were investigated by Klaui et al.[29] using magneto-optic Kerr effect (MOKE) 
measurements. It was observed that the transitions between the different equilibrium 
states in rings are strongly affected by inter-ring spacing.  Wang et al. [30] mapped 
directly the effect of magnetostatic interactions on the various transitions in 
mesoscopic permalloy rings using magnetic force microscopy (MFM). Recently, 
Miyawaka et al. [31], have also studied the magnetic characteristics of submicron-
sized Fe rings in a one-dimensional array with various inter-ring spacings using 
MOKE. It was observed that the transition mechanism and its dependence on the inter-
ring spacing are governed by the energy gain originating from the deformation of local 
vortices. 
 This section presents an investigation of the effects of magnetostatic 
interactions on the switching properties and reversal mechanism of periodic arrays of 
elongated Ni80Fe20 rings as a function of inter-ring spacing and ring thickness. It is 
shown that the edge-to-edge spacing between neighboring rings profoundly affects the 
magnetization reversal process, the switching field distributions and the transitions 
between different equilibrium states. With increased ring thickness, a marked increase 
in the switching field and also the field range over which the vortex state is stable, is 
observed. 
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5.4.2.1 Effect of Inter-Ring Spacing 
Figure 5.9(a) shows the magnetization curve obtained at room temperature for an array 
of 40 nm thick elongated Ni80Fe20 rings with two different inter-ring spacings, s = 65 
nm and 300 nm. The SEM images of the arrays of the rings are shown as inset to the 
figure.  The long axis length of the ring is 1 μm, while the short axis length is 735 nm. 
The width of the ring along the long axis is 380 nm and the width along the short axis 
is 320 nm. The external magnetic field H is applied along the major axis of the rings 
(the y-direction). Prior to the beginning of the measurement, an initial magnetic field 
of 1 kOe was applied to saturate the magnetization of the rings in the positive 
direction. The magnetic field was then swept back toward a negative saturation field 
value. A marked modification of the M-H loops is observed for samples with different 
s values; in particular the transitions from the onion to vortex state, Hov, and vortex to 
reverse onion state, Hvo, are very sensitive to edge-to-edge spacing of the ring.  For s = 
65 nm, the onion state is maintained at remanence, and the transition Hov to the vortex 
state occurs abruptly at -30 Oe. For the ring array with s = 300 nm, the Hov transition 
occurs gradually, at positive fields, suggestive of a wide switching field distribution. It 
has been shown previously that in ring arrays, the switching of each ring is 
reproducible on field cycling, however, there is a wide range in switching fields among 
nominally identical structures [16]. This has been attributed to both thermal excitations 
and edge roughness, which break the symmetry of the ring and allow one wall in the 
onion state to unpin before the other [32]. In the closely packed array, the rings with 
the smallest switching field reverse first and initiate a collective switching process of a 
row of rings parallel to the direction of the applied field, giving abrupt reversal. For the 
ring array with s = 300 nm, however, collective switching does not occur and the 
hysteresis loop is representative of the distribution of switching fields.  
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Fig. 5.9: (a) Magnetic hysteresis (M-H) loops of arrays of elongated 40 nm thick Ni80Fe20 rings 
when the applied field is along the major axis, as a function of the ring edge to edge spacing. 
Inset shows the SEM images. (b) The corresponding simulated hysteresis (M-H) loops of a 2x2 
array of rings with the same geometry. 
 The second transition Hvo from the vortex to reverse onion state is also strongly 
affected by the inter-ring spacing. The transition occurs at a lower field (-210 Oe) for 
ring arrays with s = 65 nm, compared to -295 Oe for the array with s = 300 nm. In the 
interacting array, when a ring with a relatively low transition field switches into the 
reverse onion state, its stray field aids the switching of the neighboring rings. Both ring 
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arrays show abrupt reversal at Hvo.  Shown in Fig. 5.9(b), is the corresponding 
simulated M-H loop for a 2x2 array of 40 nm thick Ni80Fe20 rings. A good general 
agreement between the experimental and simulated M-H loops is observed.  
 Further, the transitions between onion and vortex states by considering the 
various energy terms present at different applied fields could be explained. The 
magnetic configuration is determined by the exchange, magnetostatic and Zeeman 
energies, since the magnetocrystalline anisotropy energy is negligible. Figures 5.10(a-
c) show the exchange energy (Eex), magnetostatic energy (Em) and Zeeman (Ez) energy 
contributions as a function of the external applied field. As the applied external field is 
reduced from saturation towards remanence, the exchange energy increases 
continuously as the domain structure develops, while the magnetostatic and Zeeman 
energies decrease. This regime corresponds to the rings in the onion state. At Hov the 
exchange and magnetostatic terms drop as the vortex states form, while the Zeeman 
energy is almost zero. The exchange and magnetostatic energies at high fields are 
lower for the array with s = 65 nm compared with s = 300 nm, indicating that the 
magnetostatic interactions among adjacent rings lower the total energy and stabilize 
the onion states. Once the rings have adopted the vortex state, there is no significant 
difference in the magnitudes of the energies. The Hvo transition from the vortex to 
reverse onion state results in an increase in the magnetostatic and exchange energies 
and a drop in the Zeeman energy. In agreement with the experimental results shown in 
Fig. 5.9(a), the vortex stability range is smaller for the closely spaced array.  
 
















































Fig. 5.10 (a) Exchange energy (Eex), (b) magnetostatic energy (Em), and (c) Zeeman energy 
(Ez) variations as a function of the external applied field for 2 x 2 arrays of elongated 40 nm 
thick Ni80Fe20 rings with edge-to-edge spacing s = 65 nm and s = 300 nm.  
 
 Shown in Fig. 5.11 are the simulated magnetic states along with field 
divergence at remanence for 2 x 2 arrays with s = 65 nm and s = 300 nm respectively. 
The brighter color in the area of the magnetic material indicates more negative divergence 
(positive magnetic charge), whereas the darker region indicates more positive divergence 
(negative magnetic charges). The closely packed array are in distorted onion states, 
containing vortex-type domain walls (present due to the relatively large ring width), 
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while the isolated rings have all adopted the vortex state. The simulated spin states are 
in agreement with the experimental M-H loop in Fig. 5.9(a). 
 
S = 65 nm S = 300 nm
 
Fig. 5.11: Simulated magnetic states at remanence of elongated 40 nm thick Ni80Fe20 rings in a 
2 x 2 array with edge-to-edge spacing s = 65 nm and s = 300 nm.  
 
 Furthermore, the direct observations of the magnetic states were carried out 
using MFM. The rings were first saturated in an applied magnetic field of 3 kOe along 
the major axis of the rings, then imaged at remanence. Although two columns of the 
rings have switched collectively to vortex states, Figure 5.12(a) shows that the 
majority of the rings for the array with s = 65 nm are in the onion state, as 
characterized by the dark and bright contrasts at the corners of the rings. This is in 
agreement with the M-H loop in Fig. 5.9(a). Shown in Fig. 5.12(b), is the 
corresponding MFM image for the array with inter-ring spacing of 300 nm. In 
agreement with the M-H loop in Fig. 5.9(a), all the rings have already switched to the 
vortex state.  
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Fig. 5.12: MFM images taken at remanence after the rings were first saturated in an applied 
magnetic field of 3kOe along the major axis for arrays of elongated 40nm thick Ni80Fe20 rings 
with inter-ring spacing (a) s = 65 nm and (b) s = 300 nm. 
 
Hard Axis Behavior: In order to investigate the effect of shape anisotropy on the 
magnetostatic coupling, a field was applied along the minor (magnetically hard) axis of 
the rings (x-direction) and the M-H loops were measured for the array of elongated 
rings with s = 65 nm and 300 nm. Figure 5.13(a) shows the M-H loops for an array of 
40 nm thick rings as a function of inter-ring spacing. Compared with the results 
obtained for the field applied along the major axis [Fig. 5.9(a)], the loops are markedly 
different both in shape and detailed features. Figure 5.13(b) and (c) show the MFM 
images at remanence after saturating the rings along the minor axis in a field of 3 kOe 
for the arrays with s = 65 nm and 300 nm respectively. The magnetometry and MFM 
data show that both ring arrays display vortex states at remanence, in contrast to the 
major axis behavior for the closely-spaced array.  
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Fig. 5.13: (a) Magnetic hysteresis (M-H) loops of arrays of elongated 40nm thick Ni80Fe20 
rings when the applied field is along the minor axis, as a function of the inter-ring spacing. (b) 
and (c) MFM images of the same samples taken at remanence after the rings were saturated in 
an field of 3kOe along the minor axis. The edge-to-edge spacing was (b) s=65nm and (c) 
s=300nm. 
 
5.4.2.2 Effect of Ring Thickness 
To study the effect of the ring thickness on the magnetostatic coupling, the film 
thickness was varied from 20 to 80nm for ring arrays with s = 65 nm and 300 nm 
together. Shown in Fig. 5.14, (a) are the major axis M-H loops for s = 300 nm at three 
different thicknesses.  As the ring thickness is increased, the major effect is a shift in 
Hov toward more positive fields, resulting in an increase in the vortex stability range, 
from 170 Oe at t = 20 nm to 410 Oe at t = 80 nm. This trend has been discussed 
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previously in section 5.4.1.1, and is resulted from the higher magnetostatic energy of 
the onion state for larger film thicknesses. The t = 20 nm sample shows mixed 











































Fig. 5.14: M-H loops of arrays of elongated Ni80Fe20 rings as a function of thickness when the 
applied field is along the major axis, for inter-ring spacing (a) s=300nm and (b) s=65nm.  
 
 Shown in Fig. 5.14(b), are the major axis M-H loops for an array of elongated 
rings with s = 65 nm. This also shows an increase in vortex stability range with film 
thickness but the trend is less pronounced; the stability range is 140 Oe at t = 20 nm 
and ~310 Oe at t = 80 nm. Notably, for t = 20 nm, the s = 65 nm and s = 300 nm 
hysteresis loops are similar, indicating that magnetostatic interactions have relatively 
minor effects for thin magnets. The differences become more pronounced for thicker 
films as the magnetic moment of each ring increases. 
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5.5 MAGNETIC RING DERIVATIVES  
This section presents magnetic properties and spin states of a large array of elongated 
Ni80Fe20 rings and their derivatives as a function of shape and thickness of the magnet. 
Tailoring of the magnetization reversal process is shown by removing different 
segments comprising the ring structure.  
 Shown in Fig 5.15, is the representative magnetization loops for 20 nm 
Ni80Fe20 thick magnetic nanostructures in ring and ring-derivatives shapes [Figs. 5.2 
(a-d)] as a function of the field orientation relative to the long axis.  It was observed 
that the detailed hysteresis loops are markedly sensitive to both the shape of the 
structures and the field orientation. When the field is applied along the long axis of the 
nanomagnets, a gradual change from two-step to single-step reversal is seen as the 
structure evolves from a full-ring to a half-ring shape, as shown in Figs 5.15(a-d). This 
behavior is typical of the magnetization reversal process involving the transition from 
the onion to reverse onion states via the formation of the intermediate vortex state 
presented earlier in section 5.4.1 [8, 10, 20].  
 Interestingly, the M-H loop for the U-shaped derivative, shown in Fig 5.15(b), 
is similar to that of ring nanomagnets; for both, the steps in magnetization loops 
occurring at the same external field. This implies that the magnetization reversal 
process is mediated by the same mechanism for both the ring and U-shaped 
nanomagnets.  Due to the absence of one of the shorter axes, only one head-on domain 
wall forms in the U-shaped nanomagnets.  As the field is swept towards positive 
saturation, the domain wall moves along one of the long axes and is expelled at the tip 
of the U-shaped structure.  This leads to the switching of one of the long axes, along 
the direction of the applied field, as evidenced by the first step in the M-H loop shown 
in Fig 5.15(b).  The magnetization in the U-shape nanomagnets aligns 
5  Magnetic Nanorings and Derivatives 
 139
circumferentially along the edge of the structure, similar to the vortex state.  The 
second step in the M-H loop corresponds to the reversal of the second long axis 
comprising of the U-shaped nanomagnets.  This is ascertained by the equal drop in 
magnetic moment, following the switching of each long axis respectively.   
 
Fig. 5.15: Magnetization loops for 20nm thick Ni80Fe20 nanomagnets for fields applied along 
the long axis for (a) ring, (b) U-shaped derivative, (c) C-shaped derivative and (d) half ring.  
The corresponding M-H loops for field applied at 45° are shown in (e-h).  The corresponding 
loops for fields applied along the short axis are shown in (i-l).  
  
 For the C-shaped nanomagnets, however, a highly sheared two-step M-H loop 
with a coercivity of 350 Oe and a remanent ratio of 0.31 is observed as shown in Fig. 
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5.15(c).  The loop is characterized by a small step occurring at an external field of 65 
Oe, followed by the saturation switching at an external field of 460 Oe.  In the C-
shaped nanomagnets, with a part of the long axes removed, the formation of the head-
on domain wall along the short axis leads to a monotonic decrease in magnetization as 
the applied field is decreased from positive saturation.  The sharp increase in 
magnetization may be due to the switching of the long axis of the C-shaped 
nanomagnets.  This also corresponds to the saturation field of the ring and U-shape 
nanomagnets as marked by the vertical dashed line in Figs. 5.15(a-d).   
 The half-ring nanomagnets, on the other hand, display a single step reversal 
with a coercivity of 450 Oe and remanence ratio of 0.6, as shown in Fig. 5.15(d).  The 
half-ring nanomagnets exhibit the similar M-H behavior as the C-shape nanomagnet, 
due to the absence of one of the long axes.  Prior to the sharp switching, the 
magnetization increases monotonically as the external field is increased.  At an 
external field of 460 Oe, a sharp rise in magnetization, leading to saturation, is 
observed.  In general, an increase in the coercive field of the structures as the shape is 
reduced from full- to half-ring is observed.  This may be due to the inability of the 
structure to sustain a complete circumferential vortex state, when one of the axes is 
removed.  The saturation field for all the structures coincides as seen in Fig 5.15(a-d).  
This implies that the overall reversal of the nanomagnets is dominated by the switching 
of one of the long axes of the nanomagnet.      
 The corresponding M-H loops for the field applied at 45° relative to the long 
axis of the nanomagnets are shown in Figs. 5.15(e-h).  All the shapes display double 
step switching indicating that similar reversal mechanism process evolves.  This is 
further supported by the fact that magnetization reversal occurs at similar field as 
marked by the vertical dashed line.  For all the nanomagnets, the first switching occurs 
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at an external field of 120 Oe, whereas the second switching takes place at a field of 
430 Oe. 
 Shown in Fig. 5.15(i-l) are the corresponding M-H loops for fields applied 
along the short axis of the nanomagnets, θ = 90°.  It can be seen from the figure that all 
the nanomagnets, except U shaped derivative, display a double step reversal. The M-H 
loop for the U-shaped nanomagnets, as seen in Fig 5.15(j), is similar to that obtained 
for the half-ring sample when the field was applied along the long axis [Fig 5.15(d)]. 
 The marked changes in the magnetization loop as the field orientation is varied, 
implies that shape-induced magnetic anisotropy plays a very dominant role in the 
magnetization reversal processes.  
5.5.1 MICROMAGNETIC SIMULATION 
Shown in Fig 5.16, are the calculated magnetization loops for single 20 nm Ni80Fe20  
nanomagnets of different shapes, for fields applied along the long axis (θ = 0°) and 
short axis (θ = 90°).  The general features of the calculated M-H loops are in very good 
agreement with the experimental loops presented in Fig. 5.15. The computed 
coercivity and saturation fields of the nanomagnets are however much larger than the 
measured values. Micromagnetic simulations tend to overestimate the switching field 
because thermal fluctuations are not taken into account. 
 From the micromagnetic spin states for fields applied along major axis (θ = 0°), 
it is observed that the decrease in the magnetization of the nano-ring structure, prior to 
the first drop is due to the formation of the onion state along the short axes.  A similar 
process is seen for the U-shaped sample which lacks one of the short axes of the ring 
structure.  For the C-shape nanomagnets, it is observed that there is no onion state 
formed in the structure.  The reversal is via rotation of the spins at the tip of the C-
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structure, followed by spin flipping along the field direction for the long axis.  A 
similar process is observed for the half-ring sample.    
 
Fig. 5.16: Calculated Magnetization loops obtained for single 20nm thick Ni80Fe20 nanomagnet 
of different shapes, for fields applied along the long axis (θ = 0°) and short axis (θ = 90°).     
 
5  Magnetic Nanorings and Derivatives 
 143
 5.5.2 MAGNETIC FORCE MICROSCOPY 
To verify our simulation results, a direct imaging of the magnetic configurations of 
20nm Ni80Fe20 nanomagnets at remanence was performed using MFM in the phase 
detection mode. A CoCr coated tip magnetized along the tip axis was used.  The 
sample was first magnetized along the long axis (θ = 0°) by applying a field of 3 kOe 
and then field reducing the field to 0 Oe.  Shown in Fig 5.17, are the MFM images of 
the remanent state of the 20 nm Ni80Fe20 nanomagnets and the corresponding magnetic 
spin state obtained from the micromagnetic simulation. 
 For the ring nanomagnets, the micromagnetic spin state is characterized by the 
onion state, at the two diagonal corners of the ring as seen in Fig 5.17(a).  This is in 
direct agreement with the corresponding MFM image, where a dark and white spot 
aligned diagonally from the bottom left to the top right corner of the structure as 
depicted by configuration A.  Interestingly, it is observed that one of the ring 
nanomagnets has adopted the “horse shoe” state.  This is due to the switching of one of 
the short axes, aligning anti-parallel to the other axis, as depicted in configuration B.  
Similar spin state was observed by Vavassori et al [14] in square permalloy rings for 
fields applied along the edge direction.   
 In the U-shaped nanomagnets, the spins in the long axis are aligned along the 
applied field direction, whereas the spins across the short axis aligned perpendicular to 
the applied field due to shape anisotropy, as seen in the captured micromagnetic spin 
sate in Fig 5.17(b).  This leads to the formation of head-on domain wall at the bottom 
right corner of the nanomagnet.  The corresponding MFM image displays a similar 
spin configuration, with the onion state appearing at the left-bottom corner of the 
structure.    




Fig. 5.17: Micromagnetic simulation of the magnetic spin states of the single 20 nm thick 
Ni80Fe20 nanomagnets and the corresponding MFM image over an area of 9 x 9 μm2. 
 
 For the C-shaped nanomagnets, the micromagnetic simulation shows that the 
spins are aligned circumferentially along the structure as seen in Fig 5.17(c).  As the C-
shape does not lend itself to a complete flux closure, the resulting MFM image 








5  Magnetic Nanorings and Derivatives 
 145
Similarly for the half-ring structure, the spins are oriented circumferentially around the 
structure as observed in the spin configuration shown in Fig 5.17(d).  The MFM image 
is characterized by a white and dark spot at the top and bottom edges of the 
nanomagnet.   As opposed to the C-shaped nanomagnet, the spots on the MFM image 
occur at the upper and lower edges of the structure, as depicted in the configuration 
shown in Fig 5.17(d).  It is thus observed that, when one of the long axes is removed, 
the onion state is not formed during the reversal process.  
5.5.3 EFFECT OF Ni80Fi20 FILM THICKNESS 
To understand the effect of the Ni80Fe20 film layer thickness on the magnetization 
reversal of the magnetic ring derivatives, a systematic thickness dependent study was 
carried.  The Ni80Fe20 film thickness (t) was varied from 40 nm to 80 nm, while 
keeping the lateral dimensions of the structures fixed.  Shown in Fig 5.18 are the 
representative M-H loops for the different shaped nanomagnets as a function of the 
Ni80Fe20 film thickness for fields applied along θ = 0°.  In general, it is observed that 
the detailed shape of the magnetization loop does not change markedly as the film 
thickness is increased.  While both the ring and U-shaped nanomagnets display double-
step reversal as the film thickness increases, the C-shaped nanomagnets however show 
a very interesting field dependent behavior.  The magnetization loops are characterized 
by a sudden drop in magnetization which is sandwiched between two regions of linear 
monotonic decrease of magnetic moment.  Interestingly, the two regions of monotonic 
decrease in magnetic moment are reversible.  This linear monotonic reduction of 
5  Magnetic Nanorings and Derivatives 
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magnetization can be attributed to the spin rotation prior to the switching of the long 
axis.       
 
Fig. 5.18: Magnetization loops for fields applied along the long axis (θ = 0°) for the 
nanomagnets as a function of the Ni80Fe20 film thickness. 
 The half-ring sample on the other hand displays a quasi-rectangular 
magnetization loop. For all the nanomagnets, it is observed that the sharp drop in 
magnetization, prior to saturation coincides for all the thicknesses investigated.  As 
explained previously, this is due to the long axis dominating the reversal process. 
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5.6 SUMMARY 
The magnetic spin states and in-plane anisotropy in arrays of elongated Ni80Fe20 rings 
has been investigated. It was observed that the ring thickness plays a very crucial role 
in determining the magnetization reversal process, the switching field and the stability 
of the vortex state. As a result of magnetostatic interaction, the magnetization reversal 
process, the switching field distributions and the transition fields between different 
magnetic configurations are strongly affected by the inter-ring spacing. The 
magnetostatic interaction was found to increase with the ring thickness.  A sharp 
transition from the onion state to the vortex state for closely packed ring arrays was 
observed and attributed to collective magnetization reversal of rows of rings parallel to 
the applied field. In closely-spaced ring arrays, the onion-to-vortex transition was 
delayed and the vortex-to-onion transition was promoted, leading to a smaller stability 
range for the vortex state, compared with isolated rings.  
 Finally, the magnetic properties of derivatives of ring-shaped nanomagnets 
were investigated. It was shown that tailoring of magnetization reversal process is 
possible by removing the different segments comprising the ring structure. In elliptical 
rings, the onion state was not favored when one of the long axes removed. A good 
agreement between experiment and simulation was obtained. This study has 
demonstrated that the transition regions of the magnetization can be accurately 
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 6 
MAGNETIC ANTI-DOT MESOSTRUCTURES  
 
6.1 INTRODUCTION 
In this chapter, a systematic investigation of the magnetic properties of mesoscopic 
Ni80Fe20 anti-dot structures of complex geometrical shapes such as anti-ring, anti-U 
and anti–C, is presented.  Using magnetic force microscopy techniques, it was 
observed that the local magnetic spin states at remanence are strongly influenced by 
the anti-structure geometry and field orientation due to shape induced magnetic 
anisotropy.  Detailed magnetization reversal study shows a very strong pinning of 
domain wall in the vicinity of the anti-structure, the strength of which varies with the 
anti-structure shape and field orientation.  The experimental results are found to be in 
very good agreement with micromagnetic simulations.  
6.2 BACKGROUND  
The magnetic properties of thin films can be modified through a variety of parameters 
such as material composition and microstructures, anisotropy, and film geometrical 
dimensions.  Advances in lithography and other controlled fabrication techniques 
have enabled an additional degree of freedom to tailor the magnetic properties of the 
thin film by introducing artificially engineered inhomogeneities.  One method of 
creating these inhomogeneities is to define lateral arrays of holes (anti-dots) in the 
magnetic films [1-10].  The control of film properties can be achieved by varying the 
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physical parameters such as hole size and density, and anti-dot lattice geometry [1].  
One significant change observed in the film property due to these holes is the dramatic 
increase in coercivity due to domain wall pinning [2, 3].  The magnitude of the 
pinning strength is dependent on the size and volume density of the holes [3, 4].  The 
presence of anti-dots also induces local demagnetizing field, which can override the 
intrinsic magnetic anisotropy associated with the film matrix [1].  The spatially 
varying shape anisotropy due to the anti-dots may also result in well-defined magnetic 
domain patterns, which commensurate with the holes [5].  It has also been 
demonstrated that anti-dot structures may be used in data storage applications, where 
the individual data bits can be stored in the magnetic regions between the holes [2].  
Despite increasing attention on anti-dot arrays recently, there is not much study 
on the effect of anti-dot shape on the spin configurations [6].  Up to date, all the 
studies have focused on anti-dot arrays with empty holes of regular geometries such as 
square [2, 3, 7], circular [8], elliptical [9], and rectangular [10] shapes. In this study, 
complex anti-structures such as anti-ring, anti-U and anti-C of fixed pitch have been 
created. The uniqueness of these structures is that the central holes are filled with 
magnetic materials of different shapes compared with conventional anti-dot structures.  
Using magnetic force microscopy (MFM), the local magnetic spin states at remanence 
has been mapped. Understanding of the magnetization reversal process is aided by 
micromagnetic simulations. Detailed magnetization reversal is studied using vibrating 
sample magnetometer (VSM). 
6  Magnetic Anti-Dot Mesostructures 
6.3 FABRICATION  
The anti-dot nanostructures were fabricated using lift-off technique on bright field 
resist patterns in the form of ring and ring derivatives. The large area resist patterns 
were fabricated on commercially available 8 inch silicon substrate using deep 
ultraviolet (DUV) lithography at 248 nm exposure wavelength. To create patterns in 
resist, the substrate was coated with 60 nm thick anti-reflective layer followed by a 280 
nm positive DUV photoresist. The patterns were created in a bright field binary mask 
and then exposed on the resist coated wafers using partial coherence factor of 0.56 at 
numerical aperture of 0.68. Shown in Fig. 6.1, are the tilted view SEM micrographs of 
the patterns generated in the resist. The U and C shape derivatives were patterned by 
removing different segments of the ring. 
1 µm 1 µm  1 µm 
   (a)         (b)      (c) 
Fig. 6.1: SEM micrographs of the resist patterns in the form of a (a) ring, (b) U and (c) C. 
To convert the resist patterns into anti-structures, Ni80Fe20 of thickness 20 nm 
was deposited by dc sputtering at room temperature.  Lift-off of the deposited film 
was carried out in resist thinner OK73 solution. Completion of the lift-off process was 
determined by the color contrast of the patterned Ni80Fe20 area and was checked under 
scanning electron microscope (SEM). Shown in Figs. 2(a-c), are the SEM images for 
the arrays of the 20-nm-thick Ni80Fe20 anti-structures of ring, U and C shapes 
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respectively. For the three types of arrays, the pitch size along the major axis 
(y-direction) and minor axis (x-direction) are fixed at 1.08 and 0.78 μm. The other 
dimensions are marked in the figure.  
 
Fig. 6.2: SEM images of 20-nm-thick Ni80Fe20 (a) anti-ring, (b) anti-U, and (c) anti-C arrays. 
The schematic of the sample layout is shown in (d). 
The significant difference of the anti-C and anti-U structures from the anti-ring 
patterns is the extent of the elongated holes encircling the contiguous magnetic films. 
For the anti-ring structure, the inner elliptical dot is exchange decoupled from the 
contiguous area. This allows the direct comparison of the spin states from both the 
positive (elliptical dots) and the anti-dot regions. For the anti-C and anti-U structures, 
however, the entire structures are exchange coupled. To study the pinning effect of the 
anti-structures, an un-patterned magnetic film area was included in the design as 
shown in Fig. 6.2(d). 
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6.4 REMANENT MAGNETIC STATES 
Magnetic domain structures were obtained using magnetic force microscopy (MFM) in 
tapping-lift mode with a Digital InstrumentsTM NanoScope scanning probe microscope 
DimensionTM 3100. A low-moment tip coated with CoCr, was used with a lift scan 
height of 40 nm. Low moment tips were used to minimize the tip-induced 
perturbations. The quasi-static imaging technique was used. A magnetic field of 4 kOe 
was applied and then reduced back to zero. Images were then taken at zero field. 
6.4.1 Anti-Ring Structures 
Shown in Fig. 6.3(a) is the remanent MFM image for the 20-nm-thick Ni80Fe20 
anti-ring arrays for the field applied along the major axis of the ring. At the first glance, 
the MFM image is homogeneous and periodically distributed. The contrast can be 
clearly divided into two groups, namely the inner elliptical dots, and the contiguous 
film area. For the inner elliptical dots, distinctive dark and white contrasts were 
observed along the major axis of the dots, which indicates a single domain state with 
the polarity indicated by the white arrow pointing upwards in the figure. For the 
contiguous film area, however, some contrast enclosed at the four corners of the rings 
was observed, which is reminiscent of the magnetic spin structures observed in a 
typical anti-dot array [11]. For the magnetic area along the edge of the rings, a single 
domain pattern with magnetization pinned along the edges is expected.  
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In order to investigate the effect of shape anisotropy, measurements were 
repeated for the field applied along the minor axis (-x direction) as shown in Fig. 
6.3(b). While the contiguous region shows domain structures similar to Fig. 6.3(a), the 








      (a)            (b) 
Fig. 6.3: Remanent MFM images for the 20-nm-thick Ni80Fe20 anti-ring structures for fields 
applied along the major axis (a) and minor axis (b). 
6.4.2 Anti-U Structures 
For the anti-U structures, the remanent state for the field applied along the major axis 
is shown in Fig. 6.4(a). This is strongly altered as compared with the corresponding 
anti-ring structure. The main difference lies in the area between two consecutive rows, 
where periodic wedge-shape bright stripes spreading diagonally from the end of the 
right leg of the hollow U, as delimited by the dotted lines, were observed. For the inner 
part of the U, a spin state can be clearly identified similar to the one in Fig. 6.3(a), with 
magnetization pointing upwards.  
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       (a)            (b) 
Fig. 6.4: Remanent MFM images for the 20-nm-thick Ni80Fe20 anti-U structures for field 
applied along the major axis (a) and minor axis (b). 
Shown in Fig. 6.4 (b), is the MFM image of the remanent spin-state for the 
field applied along the minor axis. As can be seen in the figure, for the field applied 
along the minor axis, the exchange interaction introduced by the contiguous part makes 
the vortex pattern, observed in the anti-ring structure [Fig. 6.3(b)], no longer a favored 
state for energy minimization. Instead, a symmetric bright and dark contrast in the 
inner part of U was observed, which indicates the magnetization in the region pointing 
along the applied field. This contrast is not restricted inside the U, but further extends 
with reduced strength up to the bottom edge of the U-shaped hole above it, and gives 
rise to a completely different magnetic state as compared to the one shown in Fig. 
6.4(a) for the field applied along the major axis. 
6.4.3 Anti-C Structures 
Shown in Fig. 6.5(a) is the MFM image of the remanent state for the anti-C structure 
for field applied along the major axis. A clear magnetic contrast at the joining area 
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between the inner dots and the contiguous part of the film is observed. This is 
reminiscent of the magnetic state of the anti-U structure along the minor axis [Fig. 
6.4(b)]. However, the highest dark and bright contrast is no longer inside the holes, but 
shifted towards the area near the longer edge of the holes. For the inner area, the 
magnetic contrast gradually changes from darker in the bottom to brighter in the top. 
The magnetic contrast to the corners of the holes remains similar to the corresponding 
anti-ring structure.  
For field applied along the minor axis, as shown in Fig. 6.5(b), the remanent 
state of the anti-C structure gives no sharp contrast, which reveals that there is no 
strong accumulation of charges in the sample. However, in the center of the C, the 
contrast can still be detected, which resembles a vortex with alternate bright and dark 
colors. 




       (a)            (b) 
Fig. 6.5: Remanent MFM images for the 20-nm-thick Ni80Fe20 anti-C structures for field 
applied along the major axis (a) and minor axis (b). 
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6.5 MICROMAGNETIC SIMULATIONS 
To further understand the observed magnetic states, micromagnetic simulations were 
performed using 2D Object Oriented Micromagnetic Framework (OOMMF) code from 
NIST [12]. The magnetization states were simulated for the 20-nm-thick Ni80Fe20 
anti-structures with the identical dimensions as in Fig. 6.2. In fact, the masks for the 
simulations were derived from SEM images of the respective structures for better 
accuracy and consist of 3 x 3 cell unit geometries. The magnetic parameters used for 
simulation are saturation magnetization Ms = 860 kA/m, exchange constant A= 
13×10-12 J m-1, and anisotropy constant Ku = 0. A cell size of 10 nm was used in the 
simulation. The convergence criterion was a misalignment between magnetization and 
effective field (|m×h|) lower than 10-5 in every computation cell.  
The representative simulated micromagnetic spin configurations of the different 
anti-structures are shown in Figs. 6.6 – 6.8.  Only the simulated spin states around the 
central anti-structure are shown to avoid the boundary effect of the simulation model. 
Since MFM detects the divergence of the magnetization, for comparison, the simulated 
divergence of the magnetization is superimposed in the background. Brighter color in 
the area of the magnetic material indicates more negative divergence (positive 
magnetic charge), whereas the darker region indicates more positive divergence 
(negative magnetic charges). Although the absolute color contrast in the simulated 
images may be different from the real pole strength, the qualitative results are in very 
good agreement with experimental results.  
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6.5.1 Anti-Ring Structures 
Shown in Fig. 6.6(a) is the simulated remament spin state configuration for anti-ring 
structures with the field applied along the major axis. For inner dots, distinctive dark 
and white contrasts are observed along the major axis of the dots. This is exactly 
similar to the observation in corresponding MFM image presented earlier in Fig. 6.3 (a) 
and indicates a single domain state. The single domain configurations of the central 
elliptical dots of the anti-rings are thus reproduced in the simulation, and the contrast 
agrees well with the MFM image.  
Shown in Fig. 6.6(b) is the simulated remanent state of the anti-ring structures 
with field along the minor axis i.e. corresponding to MFM image presented in Fig 
6.3(b). As can be seen, the vortex configuration of the central dot shown in MFM 
image is clearly reproduced in the simulation.  
   
0.5 µm  0.5 µm  
       (a)           (b) 
Fig. 6.6: Simulated remanent spin states for the 20-nm-thick Ni80Fe20 anti-ring structures for 
field applied along the major axis (a) and minor axis (b). The divergence of the magnetic 
charges is superimposed in the background. 
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For the contiguous part, three types of parallelogram shaped domain structures 
distributed around the ring are observed in both the cases. Each one has a different 
magnetization direction, which is also consistent with the experimental data. 
6.5.2 Anti-U Structures 
Shown in Fig. 6.7 are the simulated remament spin configurations for anti-U structures. 
For the field applied along the major axis, the spin configuration responsible for the 
wedge-shaped magnetic contrast presented experimentally using MFM in Fig. 6.4(c) is 
clearly reproducible as can be seen in simulated Fig. 6.7(a). The bright contrast 
occurring near the end of the right leg of a U is due to the transition of the 
magnetization from vertical to horizontal direction, which can be attributed to the 
demagnetizing field from the bottom edge of the U shaped hole in the upper row.  
   
0.5 µm 0.5 µm 
       (a)           (b) 
Fig. 6.7: Simulated remanent spin states for the 20-nm-thick Ni80Fe20 anti-U structures for 
field applied along the major axis (a) and minor axis (b). The divergence of the magnetic 
charges is superimposed in the background. 
For the field applied along the minor axis as shown in Fig. 6.7(b), the 
simulation reveals a more complicated spin configuration inside the U shaped holes 
when compared with the MFM image in Fig. 6.4(b). Along the inner edges of U, the 
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spins follow the boundary of the holes. On the two sides of the central axis dividing the 
bright and dark contrast, the spins buckle in the opposite direction along the major axis 
direction forming a 180° domain wall. 
6.5.3 Anti-C Structures 
Shown in Fig. 6.8 are the simulated magnetic remanent states for the anti-C structures. 
For field applied along the major axis, as shown in Fig. 6.8 (a), a vortex state inside the 
C with the vortex core shifted slightly away to the right of the center is observed. This 
is in agreement with the experimental results shown in Fig. 6.5(a). The 
trapezoid-shaped black and white contrast adjacent to the vortex is due to the buckling 
of the spins in the process of forming the vortex.  
   
0.5 µm 0.5 µm  
      (a)           (b) 
Fig. 6.8: Simulated remanent spin states for the 20-nm-thick Ni80Fe20 anti-C structures for field 
applied along the major axis (a) and minor axis (b). The divergence of the magnetic charges is 
superimposed in the background. 
 
When the field is applied along the minor axis, a complete vortex is formed 
inside C as shown in Fig. 6.8 (b). In comparison with the anti-ring structures, it is 
interesting to note that, despite the introduction of extra exchange energy to the system 
by connecting one end of magnetic elliptical dot with the contiguous magnetic film, 
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the remanent spin states are very similar. 
Thus, it has shown that the magnetic patterns which are commonly found in 
isolated magnetic structures can be reproduced in a contiguous magnetic film through 
a careful selection of anti-structure patterns. 
6.6 MAGNETIC PROPERTIES 
In order to further understand the reversal mechanism in the anti-structures, a series of 
angular magnetization measurements were performed using VSM. Shown in Fig. 6.9(a) 
is the normalized magnetic hysteresis loop for the field applied along the major axis of 
the anti-ring structures. One striking feature of the loop is that the magnetization 
reversal process is accompanied by two steps of sharp switching, due to the domain 
wall pinning effect introduced by the artificially created anti-ring array structure. The 
sharp switching near the zero field is due to the reversal of the un-patterned area 
surrounding the anti-ring structure as shown in the sample layout in Fig. 6.2(d). The 
reversal process at a higher field is dominated by the contiguous magnetic material in 
the vicinity of the anti-ring, as well as the central elliptical dots.  
To elucidate the reversal behavior of the anti-ring structure, the near-zero field 
response of the un-patterned magnetic film surrounding the patterned area on the 
samples [Fig. 6.2(d)] was measured on a specially prepared sample with no magnetic 
material in the patterned region and subtracted from the hysteresis loop as shown in the 
inset of Fig. 6.9(a). Interestingly, a distinct double-switching process within the 
anti-ring array structure alone is again observed. By looking at the half loop as the 
field is reduced from positive saturation (red circles), it can be observed that the 
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magnetization reduces gradually until zero field. This could be attributed to the spin 
re-orientation in the contiguous area around the elongated holes, as evidenced in from 
the MFM and simulation results presented earlier in Fig. 6.3(a) and Fig. 6.6(a) 
respectively. As the field reduced to about -30 Oe, the first sharp decrease in 
magnetization occurs. The magnitude of drop in magnetization for this switching is 
about 0.27 as marked in the extracted curve, which is consistent with the magnetization 
contribution of a single central elliptical dot to the cell unit of the anti-ring array, about 





































































Fig. 6.9: Normalized magnetic hysteresis loops of the anti-ring structures for field applied 
along the major axis (a) and minor axis (b) measured using VSM. Inset shows the 
magnetization reversal of the anti-structures extracted from the corresponding measured 
hysteresis loops. 
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This switching is attributed to the elliptical dots in the array evolving from 
single domain to vortex states. After the completion of this switching, there is a 
plateau-like region before the second switching occurs. The second sharp switching, 
occurring around the coercivity of the loop, is due to the reverse magnetization of the 
combination of the contiguous magnetic regions and the elliptical dots.  
For the field along the minor axis, similar double-switching characteristic 
remains in the measured hysteresis curve, as shown in Fig. 6.9(b), but with reduced 
remanent magnetization. This drop in the remanent magnetization is mainly due to the 
magnetic state of the central elliptical dots adopting a vortex state configuration, in 
contrast to the single domain state for field applied along the major axis, as shown in 
Fig. 6.3(b). As expected, for the extracted hysteresis loop shown in the inset of Fig. 
6.9(b), the double-switching characteristic is not observed. It was also found that the 
pinning strength of the anti-ring structure is dependent on the field orientation. 
Comparing the the extracted hysteresis loops in Fig. 6.9(a) and Fig. 6.9(b), the value of 
coercivity is found to be reduced from 145 Oe to 127 Oe due to the asymmetric 
geometry of the anti-structure. 
For the anti-U structure, the double-switching characteristics of the magnetic 
hysteresis loops for both field orientations remain a prominent feature as shown in Fig. 
6.10. However, for the field applied along the major axis, the two-step switching 
characteristic of the anti-ring structure in the extracted curve was not observed in the 
corresponding anti-U structure, as shown in the inset of Fig. 6.10(a).  
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Fig. 6.10: Normalized magnetic hysteresis loops of the anti-U structures for field applied along 
the major axis (a) and minor axis (b) measured using VSM. Inset shows the magnetization 
reversal of the anti-structures extracted from the corresponding measured hysteresis loops.  
The pinning field strength imposed by the anti-structure was also found to vary 
with the geometry. The coercivity for the field along the major axis is 118 Oe as shown 
in the extracted curve in Fig. 6.10(a), which is smaller than that of the anti-ring 
structure. For the field applied along the minor axis, as the pattern geometry is changed 
from anti-ring to anti-U, the coercivity is only slightly reduced to 122 Oe, as observed 
in the inset of Fig. 6.10(b).  
The hysteresis loops of the anti-C structures for the field applied along the 
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major and minor axes are shown in Fig. 6.11(a) and Fig. 6.11(b) respectively. As 
compared with the anti-U structure, the values of coercivity for the two field 
orientations correspondingly increase to 133 Oe and 140 Oe. It is worth noting that the 
magnetic hysteresis loops shown in Fig. 6.11(b) and Fig. 6.9(b) have close 
resemblance in shape and features. This suggests that a similar magnetization reversal 
process is involved, which is in agreement with the micromagnetic simulations. 


































































Fig. 6.11: Normalized magnetic hysteresis loops of the anti-C structures for field applied along 
the major axis (a) and minor axis (b) measured using VSM. Inset shows the magnetization 
reversal of the anti-structures extracted from the corresponding measured hysteresis loops. 
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6.7 SUMMARY 
Ferromagnetic Ni80Fe20 anti-structures in anti-ring, anti-U and anti-C geometries were 
fabricated using DUV lithography and lift off process. By tailoring the extent of the 
elongated holes encircling a contiguous magnetic film, the intrinsic magnetic 
anisotropy associated with the film could be completely dominated by the shape 
anisotropy introduced by the patterning process. As a result of careful selection of the 
hole shapes, a wide range of distinctive local remanent magnetic states were observed 
from various anti-structure geometries for different field orientations. The 
experimental results are also in very good agreement with micromagnetic simulations. 
Detailed magnetization reversal mechanisms characterized by the magnetic hysteresis 
loops reveal a very strong pinning of domain walls in the vicinity of the anti-structures, 
the strength of which was strongly dependent on the anti-structure geometry and field 
orientation. 
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CONCLUSION AND OUTLOOK 
 
In the course of this thesis, the application of 248 nm KrF Deep Ultraviolet (DUV) 
lithography is attempted for the fabrication of magnetic nanostructures in various 
shapes over a very large area. Hybrid Phase Shift Mask, containing alternating, 
chromeless and attenuated phase shifted regions on same reticle blank, is implemented 
for patterning large area ordered homogenous sub-wavelength structures. Solutions are 
developed to overcome the fabrication process challenges in implementing strong 
phase shift masks (PSMs). A process method is developed to suppress the intensity 
imbalance issues in phase shift masks technology.   It utilizes double exposure at 
reversed focus to nullify the intensity imbalance issue caused by the phase errors. 
Comprehensive investigation of the relationship between swing amplitude and pattern 
size using alternating PSM lithography is presented. The existence of reverse swing 
with alternating PSM lithography, where bigger patterns are more seriously affected 
than smaller patterns, is demonstrated.  Based on swing study suggestions are made to 
use big features for resist thickness selection while using alternating PSM.   
 Double patterning and double exposure with shifts are implemented for density 
improvement and shape manipulation of magnetic nanostructures. Nanofabarication 
process beyond the conventional limits of DUV is developed to fabricate sub-50nm 
magnetic nanostructures using Silicon templates. 
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 The nanostructures developed in resist using DUV lithography were converted 
into magnets by physical vapor deposition and lift-off technique. Resist fill and etch 
back technique was introduced to assist the lift-off on the silicon templates. The 
successful lift-off was demonstrated with magnetic characterization on 45 nm silicon 
pillar templates using a thick trilayer material Ni80Fe20(25nm)/Cu(25nm)/Co(25nm).  
 In addition, the magnetic properties of the fabricated magnetic nanostructures 
were obtained using a vibrating sample magnetometer (VSM). A direct imaging of spin 
configurations of the nanomagnets was performed using magnetic force microscopy 
(MFM). Micromagnetic simulations, using OOMMF, were performed to validate the 
experimental results.  
 A systematic investigation of magnetic spin states evolution, in-plane 
anisotropy and magnetostatic interaction in the arrays of elongated Ni80Fe20 rings and 
their derivatives was presented. It was observed that the ring thickness plays a very 
crucial role in determining the magnetization reversal process, the switching field and 
the stability of the vortex state. As a result of magnetostatic interaction, the 
magnetization reversal process, the switching field distributions and the transition 
fields between different magnetic configurations were strongly affected by the inter-
ring spacing and film thickness.  A sharp transition from the onion state to the vortex 
state for closely packed ring arrays was observed and attributed to collective 
magnetization reversal of rows of rings parallel to the applied field. In closely-spaced 
ring arrays, the onion-to-vortex transition was delayed and the vortex-to-onion 
transition was promoted, leading to a smaller stability range for the vortex state, 
compared with sparse rings.  
 Next, the magnetic properties of derivative ring-shaped Ni80Fe20 nanomagnets 
were investigated. It was found that the tailoring of magnetization reversal process is 




possible by removing the different segments comprising the ring structure. In elliptical 
ring derivative, the onion state was not favored with one of the long axes removed. A 
good agreement between experiment and simulation was obtained. This study has 
demonstrated that the transition regions of the magnetization can be accurately 
predicted and tailored in magnetoelectronic devices. 
 Finally, the ferromagnetic Ni80Fe20 anti-structures such as anti-ring, anti-U and 
anti-C geometries were fabricated by tailoring the extent of the elongated holes 
encircling a contiguous magnetic film. A comprehensive investigation of the spin states 
and shape anisotropy was presented. The intrinsic magnetic anisotropy associated with 
the film could be completely dominated by the shape anisotropy introduced by the 
patterning process. As a result of a careful selection of the hole shapes, a wide range of 
distinctive local remanent magnetic states were observed from various anti-structure 
geometries in different field orientations. The experimental results were found in very 
good agreement with the micromagnetic simulations. The anti-structure arrays found to 
hinder the magnetization reversals in the continuous film. Detailed magnetization 
reversal characterized by the magnetic hysteresis loops reveals a very strong pinning of 
domain walls in the vicinity of the anti-structures, the strength of which was strongly 
dependent on the anti-structure geometry and field orientation. 
Future Work 
In this thesis various novel findings related fabrication and characterization of large 
area magnetic nanostructures have been reported. There are still several promising 
avenues which are worth further attention and exploration. The use of silicon templates 
for fabricating magnetic nanostructures is one of the best methods. It can take the 
magnetism study beyond any lithography capability. However, in the course of 
developing lift-off process on silicon template nanostructures, the resist cross-linking 




effect, which happened in plasma during resist etch back, was observed. A cross-
linking-free resist etch plasma process is therefore needed and will be developed. 
Although the carrier transport mechanism was not studied, a lift-off free nanowire 
template was presented for transport study. In principle, the presented nanowire 
template can provide magnetic nanowires with diameter less than 10 nm. Further, the 
corner rounding effect at the nanowire junction to the pad can be controlled to study 
the spin crowding effect. It will be interesting to study transport in the templated 
nanowires. Lastly, while working on the characterization of isolated magnetic 
nanostructures in the course of this study, however, high contact resistance problem 
between the magnetic elements and the metal lines was faced. The issue seems to be 
with the integration scheme, where magnetic lines were imbedded in the oxide layer, 
polished and then magnetic structures were patterned on the top of the metal lines as 













Fig. 7.1: SEM image of a single isolated Ni80Fe20 magnetic ring on top of tantalum nitride 
(TaN) metal lines in four pad configuration. Pad 1 is connected with 4 while pad 2 is connected 
with 3. Top inset shows the magnified view of the magnetic ring. Lower inset shows another 
pad configuration in which all the pads are independent and ring is patterned on top of the pads. 
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